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A b s t r a c t
W e  investigate the electronic b a n d  structure of device relevant G a l n N A s / G a A s  
multiple q u a n t u m  wells ( M Q W s )  a n d  vertical-cavity surface-emitting laser ( V C S E L )  
structures.
W e  report ph ot o-modulated reflectance (PR) studies u n d e r  applied pressure a n d  
variable temperature that probe the influence o f  N-related states o n  the electronic 
structure o f  dilute nitrogen (N) III-V M Q W s .  T h e  pressure a n d  temperature d e p e n d e n c e  
o f  the intersubband transitions within the M Q W s  is reduced b y  addition o f  N .  B y  
m a t c h i n g  our experimental results with a theoretical m o d e l  important predictions for the 
ground-state electron effective m a s s  a n d  conduction b a n d  offset as a function o f  N  a n d  
pressure are m a d e .
W e  present results o f  angle- a n d  temperature-dependent electro-reflectance ( E R )  
m e a s u r e m e n t s  o n  a dilute-N G a l n N A s  V C S E L  a n d  s h o w  that these explain h o w  the 
corresponding V C S E L  device ca n operate over a such a w i d e  range o f  temperatures. W e  
argue that intrinsic properties o f  dilute-N Q W s  provide novel w a y s  to design laser 
devices, especially in the crucial telecommunication range o f  wavelengths.
W e  s h o w  h o w  non-destructive E R  a n d  P R  m e a s u r e m e n t s  ca n  b e  used, in order to 
estimate the Q W  transition energy w h e n  it is coupled with the cavity m o d e  ( C M ) .  T h e  
e n er gy o f  the m a i n  exciton is determined b y  monitoring the amplitude a n d  the ph as e o f  
the P R  spectra. T h e  E R  m e a s u r e m e n t s  are presented o n  the G a l n N A s  V C S E L  described 
in the previous paragraph. Fu rthermore w e  present a g r o w t h  characterisation study o n  a 
representative I n G a A s / G a A s / A l A s / A l G a A s  a s -g ro wn V C S E L  structure, using P R  
spectroscopy as a function o f  position o n  a no n-uniform wafer.
W e  also s h o w  h o w  temperature dependent P R  a n d  the appropriate lineshape 
m o d e l  ca n  b e  u s e d  to obtain a lull picture o f  the relative m o v e m e n t s  b e t w e e n  the gain 
a n d  the C M  over the full range o f  temperature. This information allows calculating the 
material gain in the temperature range o f  interest, independent f r o m  the effect o f  the 
C M  a n d  also provides a n  alternative m e t h o d  for characterising the growth, w h i c h  c a n  b e  
applied to u n i f o r m  wafers. P R  a n d  non-destructive E R  ca n b e  u s e d  to identify regions 
suitable for fabrication into devices. F o r  this reason mo du la ti on spectroscopy ca n b e  
very useful for industry to reject wafers w h e r e  g o o d  alignment b e t w e e n  the C M  a n d  the 
Q W  does not occur a n d  can thus save o n  the time c o n s u m i n g  a n d  expensive fabrication 
procedures
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C hapter 1: O verview  and  Synopsis o f  the Thesis
C h a p t e r  1
O v e r v i e w  a n d  S y n o p s i s  o f  t h e  T h e s i s
Since the advent o f  the semiconductor laser, the field o f  q u a n t u m  optics a n d  
optoelectronics has de veloped at a high rate an d  has greatly influenced research 
interest a n d  technological applications in m o d e m  society. T h e  realisation o f  fibre- 
optical c o m m u n i c a t i o n  systems is just o n e  example. Electronic confinement in l o w ­
dimensional structures has b e e n  widely us ed to engineer the b a n d  structure o f  
materials for e n h a n c e d  optical a n d  electronic properties a n d  thus d o m i n a t e  
se miconductor applications related to laser devices.
A l t h o u g h  the search for low-dimensional semiconductors c a n  b e  traced quite 
far b a c k  the motivation for their production rose sharply after a d e v e l o p m e n t  o f  a 
n e w  g r o w t h  technique, molecular b e a m  epitaxy ( M B E ) ,  w h i c h  o p e n e d  the road to the 
g r o w t h  o f  semiconductors layer o n  the scale of nanometer. W i t h  this technique it is 
possible to g r o w  layers thinner than the D e  Broglie wave le ng th o f  the electron. In 
such situations the electron will b e h a v e  as a w a v e  an d  q u a n t u m  mechanical effects 
will b e c o m e  veiy important. F o r  example, an ultrathin G a A s  layer s a n d w i c h e d  
b e t w e e n  t w o  thicker layers o f  A l xGai_xA s  acts likes an elementary q u a n t u m  well 
( Q W ) .  In the g r o w t h  direction the energy levels are widely separated if the well is 
narrow, a n d  all the electrons m a y  b e  trapped in the lowest level. M o t i o n  parallel to
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the layers is not affected, so the electrons re m a i n  free in those directions. U n d e r  the 
a b o v e  condition that the size o f  the s a m p l e  in o n e  spatial direction is only a f e w  
atomic layers, q u a n t u m  m e c h a n i s m s  play a n  important role in describing the energy 
levels o f  the electrons. In addition to the barrier layers at the top a n d  the bottom, if 
the barrier material is put o n  t w o  other sides as well, o n e  gets a q u a n t u m  wire. Finally 
it is possible to g o  o n e  stage further a n d  confine electrons a n d  holes in all three 
dimensions. T h e  result is a q u a n t u m  dot. T h u s  q u a n t u m  confinement leads to a 
modification in the distribution o f  electronic energy levels o f  the semiconductor. This 
in turn leads to a modification o f  the density of states ( D O S ) .  T h e  transition f r o m  a 
3 - D  bulk sy st em to a 2 - D  Q W  system has the effect o f  reducing the D O S  f r o m  a 
continuous d e p e n d e n c e  o n  energy, E 1/2, to a step like dependence. A s  a result o f  this 
modification it is possible to obtain a higher optical gain with relatively smaller 
( c o m p a r e d  with the 3 - D  case) n u m b e r  o f  p u m p e d  carriers, w h i c h  lowers the threshold 
current density for lasing emission. In a similar w a y  reducing the dimensionality of 
the active region o f  the laser further to 1 - D  or 0 - D  w o u l d  b e  anticipated to reduce 
threshold current density e v e n  more. M o s t  recently, the substitution o f  the gr ou p V  
element in gr ou p III-V c o m p o u n d s  with small a m o u n t s  o f  nitrogen leads to dramatic 
c h a n g e  o f  the electronic properties offering a n e w  w a y  o f  band-structure engineering 
w h i c h  can b e  us e d  to i m p r o v e  optoelectronic devices. G a l n N A s  is the m o s t  
p r om in en t m e m b e r  o f  this categoiy o f  semiconductors a n d  will b e  o n e  o f  the m a j o r  
systems un de r investigation for this thesis.
H o w e v e r ,  the research c o m m u n i t y  only recently realised that for i m p r o v i n g  
emission properties, the c o n t i n u u m  o f  ph o t o n  states that normally exists m u s t  also b e  
controlled. This can b e  achieved b y  confinement o f  photons in microcavities. If the
2
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active region o f  a laser is enclosed within a very small optical cavity, then only a 
small n u m b e r  o f  optical m o d e s  will b e  available for the electronic c o n t i n u u m  of 
states to interact with a n d  still conserve energy an d  m o m e n t u m .  This m e a n s  that 
photons can only b e  emitted f r o m  electron-hole pairs, w h i c h  m a t c h  with the available 
p h o t o n  m o d e s .  T h e  control o f  p h o t o n  m o d e s  appears very promising in the field of 
optoelectronics a n d  a novel laser structure called a vertical-cavity surface-emitting 
laser ( V C S E L )  will b e  investigated in this thesis. V C S E L s  c o m b i n e  t w o  effects in 
order to i m p r o v e  light matter interactions an d  consequently device properties: 1 ) the 
control o f  p h o t o n  m o d e s  through the concept o f  microcavities a n d  2 ) the effects o f  
electronic confinement d u e  to b a n d  structure engineering b y  using semiconductor 
q u a n t u m  structures in the active region o f  the laser.
T h e  interaction o f  light with semiconductors is go ve r n e d  b y  its dielectric 
function s. A t  optical frequencies ( w hi ch is the region o f  interest for laser 
applications) the primary contribution to s is f r o m  electronic transitions. Therefore 
optical spectroscopic techniques ca n b e  a very useful tool for studying b a n d  structure 
engineering modifications d u e  to q u a n t u m  confinement effects. T h e  m o s t  general a n d  
surprising feature o f  the optical properties of Q W s  is the strength o f  the intrinsic 
optical effects as c o m p a r e d  to bulk optical properties: in m a n y  circumstances o n e  
m e a s u r e s  critical point energy features o f  co mp ar ab le size for a single ~  1 0 0  A  thick 
Q W  as for bulk samples o f  thickness o f  the order of an absorption length, a f e w  1 0 0 0  
A. T h e  reason is that the lower dimensionality o f  Q W s  concentrates the carriers 
c o m p a r e d  to the 3 D  case. Therefore q u a n t u m  confinement leads to a better m a t c h i n g  
o f  electron a n d  hole wavefunctions. Furthermore, in Q W s  excitonic effects 
(electron -hole pair b o u n d  b y  C o u l o m b  attraction) also b e c o m e  m o r e  important. T h e
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electrons a n d  the holes m o v e  in quasi-2D space a n d  this results in a n  increase in the 
binding energy o f  excitons b y  typically a factor of four in 2 D  c o m p a r e d  with the 
value they h a v e  in 3 D  systems. Excitonic effects are important in 2 D  e v e n  at r o o m  
temperatures a n d  w e  will analyse t h e m  further in chapter 5.
T h e r e  has also b e e n  great attention given to optical spectroscopic techniques 
d u e  to the importance o f  the interaction b e t w e e n  optical m o d e s  a n d  excitonic states 
within microcavities, such as in the case o f  V C S E L s .  T h e  resonance b e t w e e n  the t w o  
inodes ca n greatly i m p r o v e  laser properties. In V C S E L s  the size o f  the active region 
is very small allowing only o n e  available p h o t o n  m o d e  ( k n o w n  as the cavity m o d e )  to 
interact with the gain spectrum. A  close m a t c h  b e t w e e n  the gain p e a k  a n d  the cavity 
m o d e  ( C M )  is n e e d e d  in order to obtain l o w  threshold current a n d  high p o w e r  output.
M o d u l a t i o n  spectroscopy is a powerful tool in the investigation o f  
semiconductor q u a n t u m  structures because its derivative nature gives g o o d  energy 
resolution for both g r o u n d  state a n d  excited state transitions. This is d o n e  b y  
periodically modulating s o m e  parameter applied to the s a m p l e  a n d  me a s u r i n g  the 
ch a n g e  A R  in its reflectivity d u e  to this modulation. T h e  derivative nature o f  
m o d u la ti on spectroscopy emphasises structures localised in the p h o t o n  energy region 
o f  intersubband transitions o f  semiconductor microstructures an d  suppresses 
uninteresting b a c k g r o u n d  effects. T h e  determination o f  these transition energies is 
the first step towards identifying modifications associated with the b a n d  structure 
engineering d e v e lo pm en ts o n  the sample. Furthermore the study o f  the coupling 
b e t w e e n  excitonic a n d  photonic m o d e s  in microcavities can also b e e n  determined 
since in m o du la ti on spectroscopy both o f  the m o d e s  ca n b e  seen separately in 
V C S E L  spectra. T h u s  their interaction as they m o v e  into resonance (by changing say
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position, angle, temperature or pressure) can b e  explained with theoretical m o d e l s  
a n d  detailed simulations.
This thesis ma i n l y  describes modulation spectroscopy studies of 
semiconductor q u a n t u m  structures related to laser device applications. T h e  m a i n  
em ph a s i s  o f  the w o r k  is o n  the techniques of ph o t o m o d u l a t e d  reflectance ( P R )  a n d  
electromodulated reflectance ( E R )  w h e r e  the modulation in reflectivity it is d u e  to 
externally-induced changes o f  the built-in electric field. P R  a n d  E R  ca n b e  p e r f o r m e d  
in a contactless w a y  an d  are therefore promising as non-destructive assessment 
techniques within a production en vi ro nm en t as well as a research tool. T h e y  are m o r e  
powerful m e t h o d s  than photoluminescence (PL) for several reasons including the 
ability to detect other that g r o u n d  state transition in Q W s ,  insensitivity to defects, 
narrower linewidths, a n d  the fact that experiments can b e  pe r f o r m e d  at r o o m  
temperature a n d  e v e n  a b o v e  r o o m  temperature.
T h e  following sections briefly describe each o f  these studies w h i c h  h a v e  
broadly b e e n  divided into six chapters in the thesis. Chapter 2 introduces the basics 
physics o f  the modifications in the electronic b a n d  structure d u e  to b a n d  structure 
engineering in se miconductor lasers. Following a review o f  the application o f  
controlling the p h o t o n  m o d e s  within microcavities for laser applications, the 
discussion will describe the m o s t  important device that uses these properties, the 
V C S E L .  Finally the basics o f  mo du la ti on spectroscopy, including lineshape 
functions, are discussed. Chapter 3 describes the various experimental techniques 
us e d  for the studies undertaken in this thesis. T h e  m a i n  emph as is o f  the w o r k  focuses 
o n  the application o f  non-destructive application o f  P R  a n d  E R  to a n u m b e r  of 
se miconductor materials a n d  devices. Additional experimental techniques su c h  as
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electroluminence, reflectance spectroscopy, a n d  P L  spectroscopy, are us e d  to 
c o m p l e m e n t  the information provided b y  P R  a n d  E R .  Chapter 4 e x a m i n e s  a series o f  
G a l n N A s / G a A s  multiple q u a n t u m  well ( M Q W )  samples, a novel material suitable 
for telecommunications applications. P R  studies are m a d e  as a function of pressure 
using a d i a m o n d  anvil cell at a temperature o f  3 0 0  K. M e a s u r e m e n t s  as a function o f  
temperature b e t w e e n  9 IC a n d  3 2 5  K  are also pe rformed o n  the s a m e  set o f  samples at 
atmospheric pressure. T h e  results probe the effect o f  confinement a n d  m i s m a t c h  
strain o n  the coupling b e t w e e n  N-related states a n d  extended b a n d  states. 
Furthermore b y  c o m b i n i n g  the experimental results with a n  appropriate theoretical 
mo de l, the effects o f  N  o n  the effective b a n d  gap, conduction b a n d  offset, g r o u n d  
state electron effective m a s s  a n d  g r o w t h  quality can b e  determined. Chapter 5 is an 
analytical study o f  a V C S E L  structure using P R  me asurements. A  g r o w t h  
characterisation study o f  a n  InGai.xA s / G a A s / A l A s  V C S E L  is presented. This chapter 
includes P R  m e a s u r e m e n t s  at r o o m  temperature as a function o f  position o n  the 
V C S E L  wafer. T h e  results are used for a full non-destructive characterisation of 
V C S E L  wafers with important industrial applications. Chapter 6 presents P R  
m e a s u r e m e n t s  as a function o f  temperature (9 IC-325 IC) for the s a m e  V C S E L  
structure. T e m p e r a t u r e  dependent P R  o n  V C S E L s  can provide information about the 
relative m o v e m e n t s  o f  the gain a n d  the C M .  In chapter 7  the results o n  
G a l n N A s / G a A s  M Q W s  a n d  V C S E L  structures are c o m b i n e d  b y  studying a V C S E L  
with G a l n N A s / G a A s  Q W s  in the active region. E R  spectroscopy studies are 
p e rf or me d o n  the b a n d  structure o f  a ( G a I n ) ( N A s ) / G a A s / A l A s  V C S E L  as a function 
of  temperature a n d  incidence angle in order to investigate the broad temperature 
operation range o f  this n e w  structure. A c c o r d i n g  to these results the w i d e  temperature
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operating range o f  this type o f  V C S E L  is d u e  to the reduced temperature variation of 
the effective ba nd - g a p  o f  the active (G aIn)(NAs) Q W s  a n d  the br oa d gain. B y  
c o m p a r i n g  lasing properties a n d  b a n d  structure it is s h o w n  that the broadening o f  the 
gain is not simply d u e  to alloy disorder but arises f r o m  a n  intrinsic property o f  
(GaIn)(NAs): the existence of different b a n d  gaps for the five possible nearest- 
neighbour configurations o f  N .  Finally chapter 8 presents a s u m m a r y  o f  the thesis 
a n d  r e c o m m e n d a t i o n s  for future work.
In conclusion this thesis is an optical characterisation study o f  semiconductor 
q u a n t u m  structures a n d  V C S E L  structures. It reports novel observations for the 
physics o f  the n e w  material system of G a l n N A s  an d  correlates the results with device 
applications b y  using this material in the active region o f  laser structures. T h e  
application o f  P R  an d  E R  in V C S E L  structures is also demonstrated as a useful tool 
for identifying the coupling b e t w e e n  the C M  an d Q W  g r o u n d  state exciton a n d  
higher order transitions. T h e  results can b e  used for characterising the g r o w t h  
production o f  V C S E L s  a n d  extend the applications o f  modulation spectroscopy f r o m  
an important research tool to a technique with industrial applications.
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C h a p t e r  2
B a c k g r o u n d  T h e o r y
2.1 Introduction
This chapter ca n b e  divided in three broad sections related to theoretical 
aspects o f  the thesis. H o w e v e r  s o m e  experimental results are also included in s o m e  
cases. T h e  first section introduces the basic theory o f  b a n d  structure engineering in 
se miconductor lasers. A  general review in order to introduce the reader to the 
d e v e l o p m e n t  o f  different lasers through the last decades is presented. T h e  following 
section is related to the application o f  confined ph o t o n  m o d e s  in laser structures 
through the concept o f  microcavities. T h e  discussion will b e  b a se d o n  the m o s t  
p r om in en t m e m b e r  o f  this category: the vertical-cavity surface-emitting laser 
( V C S E L ) .  T h e  final section considers the basics o f  m o du la ti on spectroscopy 
(including lineshape functions), w h i c h  is the m a i n  experimental technique u s e d  in the 
thesis. N o t e  that in this thesis all the material a n d  devices are closely related with the 
q u a n t u m  well ( Q W )  structure so the discussion here is going to b e  mo s t l y  related to 
confinement o f  the earners in only o n e  direction.
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2.2 Band-Structure Engineering in Semiconductor Lasers
Se mi co nd uc to r optoelectronic devices n o w  play a n  essential role in m a n y  
aspects o f  our daily lives su ch as c o m m u n i c a t i o n s  a n d  information technology. T h e  
efficient operation o f  such devices d e pe nd s critically o n  their exact electronic b a n d  
structure. W e  review here h o w  band-structure engineering can m o d i f y  the electronic 
b a n d  structure a n d  i m p r o v e  optoelectronic properties.
In order to d o  that, it is first necessary to consider h o w  conventional 
se miconductor lasers w o r k  a n d  discuss several p r ob le ms y o u  n e e d  to o v e r c o m e  in 
order to i m p r o v e  the laser p e r f or ma nc e [1]. A  semiconductor laser ca n b e  considered 
as a sy st em containing t w o  b a n d s  the higher energy o n e  called conduction b a n d  ( C B )  
a n d  the lower energy b a n d  called the valence b a n d  ( V B )  separated b y  a energy g a p  
(band gap) w h i c h  determines the lasing wavelength. It will b e  s h o w n  later in the 
section that the a b o v e  sy s t e m  is the simplest. H o w e v e r  in a n y  case w h e n  a forward 
bias voltage is applied to a semiconductor laser, the injected current o f  holes an d  
electrons flows directly in to states in the active region w h e r e  they can recombine, 
leading to the emission o f  light. In order to achieve the stimulated emission process, 
the p h o t o n  density should b e  maintained as high as possible so that the probability o f  
stimulated emission is m a x i m i s e d  while still allowing sufficient radiation to escape. 
H o w e v e r ,  the b road energy b a n d s  in semiconductors w h i c h  m a k e  the injection a n d  
earner transport possible, also allow the electrons an d  holes to o c c u p y  a w i d e  range 
o f  energy a n d  m o m e n t u m  values. T h e  useful laser output occurs as a b e a m  o f  
photons with a sharply defined energy, direction, a n d  polarisation a n d  therefore only 
a very small fraction o f  the injected earners h a v e  the correct energy a n d  m o m e n t u m  
to contribute directly to the laser gain. N o t e  also that m o s t  o f  the carriers ca n take 
part in a non-radiative loss process a n d  in spontaneous emission, both o f  w h i c h
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reduce the efficiency o f  the device. Laser characteristics ca n b e  greatly e n h a n c e d  b y  
im p r o v i n g  the confinement o f  the electrons an d  the holes, thereby increasing the 
probability o f  radiative recombination.
T h e  first semiconductor lasers consisted o f  simple p-n homo-junctions w h i c h  
h a d  a single interface b e t w e e n  the n- a n d  p - d o p e d  regions (see fig 2 .1 a)[2 ,3 ,4 ,5 ] . 
H o w e v e r  d u e  to p o o r  confinement o f  both the injected earners a n d  the optical field, 
a n d  d u e  to p o o r  quality material, these lasers h a d  very high threshold current 
densities (see fig 2 .6 ).
h o le s
(a)
e le c t r o n s
(b)
CB
VB
e le c t r o n s
h o le s
CB
(c) VB
Figure 2.1: a) homojunction laser b) heterojunction laser c) quantum well laser
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T h e  first crucial modifications to the bandstructure occurred using heterostractures: 
semiconductors c o m p o s e d  o f  layer o f  m o r e  than o n e  material. Variation in materials 
selection a n d  composition w e r e  us ed to control the electronic b a n d  structure. After 
m u c h  investment into developing the g r o w t h  technology o f  liquid phase epitaxy 
(L.P.E), it b e c a m e  possible to p r o d u c e  a high quality double heterostructure. It 
consisted o f  a G a A s  region w h i c h  fo rm s a reservoir for carriers (earner confinement) 
w h e r e  they could r e c o m b i n e  across the b a n d  ga p (see fig 2.1b). Fu rthermore the 
higher refractive index o f  G a A s  with respect to A l xGai_xA s  provided better 
confinement o f  the optical field. T h e s e  t w o  i m p r o v e m e n t s  resulted in a significant 
decrease in Jth o f  t w o  orders o f  the m a g n i t u d e  (see fig 2 .6 ) [6 ,7 ,8 ,9 ].
E
'gb
n2
ni
Ligh+
I K
A L
ni
n 2
A l G a A s  G a A s  A l G a A s
Figure 2.2: Q u a n t u m  well structure f o r m e d  b y  a thin layer o f  material A  ( G a A s )  
e m b e d d e d  b e t w e e n  t w o  thick layers o f  material B  (AlxGai_xAs), w h e r e  B  has a larger 
b a n d g a p  than A.
In the late 1970s the c o m i n g  o f  a n e w  g r o w t h  technique, molecular b e a m  epitaxy 
( M B E ) ,  o p e n e d  the w a y  to the g r o w t h  o f  semiconductors atomic layer u p o n  atomic 
layer. L a y e r  thicknesses o f  less than 10 0 A  b e c a m e  achievable a n d  introduced the
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r e g i m e  in w h i c h  q u a n t u m  mechanical effects b e c o m e  important since the layer 
thicknesses can h a v e  dimensions smaller than or c o mp ar ab le to the de-Broglie 
w a ve le ng th ( \ b ) , o f  the free carriers in the material:
w h e r e  tn* is the carrier effective m a s s  a n d  E  the energy o f  the carrier.
T h e  q u a n t u m  well ( Q W )  situation w h i c h  is the o n e  will b e  dealt in this thesis, 
consists o f  a single layer o f  material A  ( G a A s )  e m b e d d e d  b e t w e e n  t w o  thick layers 
o f  material B  (AlxGai.xAs), w h e r e  B  has a b a n d g a p  larger than A  as s h o w n  in figures 
2.1c a n d  2.2. T h e  b a n d  alignment at the interface o f  these t w o  materials (refereed as 
type o n e  alignment) is su ch that both the electrons an d  the holes in the G a A s  (well) 
layer see a finite energy barrier while trying to m o v e  into the adjacent A l G a A s  
(barrier) layers (see figs 2.1c a n d  2.2). T h e  a b o v e  picture ca n b e  considered, to a very 
g o o d  approximation at least in the conduction band, as a physical manifestation of 
the well k n o w n  q u a n t u m  m e c h a n i c s  p r o b l e m  o f  a charged particle in a finite potential 
well. T o  get a physical picture w e  consider the solution o f  the I D  Schrodinger 
equation for a n  infinite well w h i c h  has confined energies given by:
equation s h o w s  that C B  n o w  exists as a n u m b e r  of discrete states within the Q W  
layer as s h o w n  in figure 2.2. T h e  V B  in G a A s  a n d  other III-V heterostructure 
materials is m u c h  m o r e  complicated. T h e  degeneracy o f  the heavy-hole a n d  light- 
hole V B s  a n d  the resulting V B  mixing, a n d  also the presence o f  the split-off valence 
band, m u s t  b e  taken into account in calculating the eigenstates in the V B .  H o w e v e r
(2 .1 )
(2 .2 )
w h e r e  L w  is the width o f  the Q W  a n d  m * e the electron effective mass. T h e  a b o v e
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u n de r certain approximations [1 0 ] it is still possible to use equation 2 . 2  with in h for
the h e a v y  hole a n d  m j for the light hole. T h e  optical m e a s u r e m e n t s  o f  Dingle [11] 
s h o w e d  directly the quantization o f  energy levels in Q W s ,  the w e l l - k n o w n  
elementary e x a m p l e  o f  quantization in q u a n t u m  me c h a n i c s  books. Q u a n t u m  
confinement leads to a modification o f  the electronic energy s p ec tr um o f  the solid 
w h o s e  pr im ar y signature is a c h a n g e  in the effective b a n d  ga p  f r o m  E g to
B " = E « +  2 *
h 2 ( n  Y  V71
T
+  ■
n
T
(2.3)
This modification in the b a n d  structure (w hi ch can b e  suitably tailored b y  controlling 
the dimensions, since the energy is related to the width ( L w) o f  the well a n d  also 
certain other properties such as alloy composition) gives rise to novel physical 
properties in these materials, s o m e  o f  w h i c h  h a v e  f o un d applications in m a k i n g  
optoelectronic devices.
T h e s e  Q W  structures brought further i m p r o v e m e n t s  to laser perf or ma nc e 
including a further increase in earner confinement, narrower line-width a n d  extended 
w a v e l e n g t h  tunability for a given material composition. T h e  transition f r o m  3 - D  bulk 
s y st em to a 2 - D  Q W  s y st em has also the effect of reducing the density o f  states 
( D O S )  f r o m  a continuous d e p e n d e n c e  N ( E )  ~ E 1/2 to a step like d e p e n d e n c e  (see 
figure 2.3). This m a k e s  the D O S  in 2 D  higher at the b a n d  e d g e  as c o m p a r e d  to that in 
the bulk 3 D  case a n d  has important consequences o n  optical properties.
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Energy, E  t Energy, E  t
C B  E d g e C B  E d g e
V B  E d g e
V B  E d g e
N  3-D (E) N  2-D (E)
F i g u r e  2.3: C o m p a r i s o n  b e t w e e n  the D O S  in the case o f  3-dimensions a n d  2- 
dimensions. T h e  density o f  occupied states is s h o w n  as filled with colour in the 
graph.
This modification in the D O S  has be e n  s h o w n  to result in higher optical gain 
with relatively smaller ( c o m p a r e d  to the 3 D  case) n u m b e r  o f  p u m p e d  carriers, w h i c h  
therefore lowers the threshold current density required for lasing in the case o f  Q W  
lasers (see fig 2.6). R e d u c i n g  the dimensionality further to O-dimension produces a 
D O S  function with a n u m b e r  o f  discrete levels. A  laser with such a D O S  function for 
the active region w o u l d  b e  anticipated to h a v e  even further reduced threshold current 
density (see figure 2 .6 ).
Further modification in the band-structure can b e  d o n e  through strain. Strain 
is introduced into an epitaxially g r o w n  layer w h e n  it is g r o w n  ps eudomorphically o n  
an underlying layer o f  different lattice constants (see figure 2.4). T h e  epitaxial layer 
g r o w s  dislocation-ffee u nder bi-axial stress such that the in-plane lattice constant is
14
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n o w  the s a m e  as the underlying layer’s lattice constant. It is possible to g r o w  a 
strained epitaxial layer until it reaches such a thickness that it b e c o m e s  energetically 
favourable to relieve the strain via a dislocation. In such situation, the critical 
thickness o f  the layer is said to h a v e  b e e n  reached [1]. In the following paragraph w e  
briefly discuss h o w  the effect o f  strain c a n  b e  used to i m p r o v e  the laser properties.
Mis-matched 
layer
Substrate ________________
Figure 2.4: Strain (right plot) is introduced into a n  epitaxially g r o w n  layer (top left) 
w h e n  it is g r o w n  pseudomorphically o n  a n  underlying layer o f  different lattice 
constant (bottom left). F o r  h < h c the strained layer is stable [1],
T h e  ideal condition for achieving population inversion is to h a v e  a n  effective 
m a s s  in the V B  equal to that o f  the electrons in the C B  [12]. H o w e v e r  in III-V 
semiconductors, the C B  has a l o w  effective m a s s  m c w h e r e a s  the highest V B  is 
a l wa ys heavy-hole-like, with a large effective m a s s  n \ .  La rg e strains can lead to a 
considerable reduction in the hole mass, so that the laser characteristics m a y  then 
a p proach those o f  a n  ideal semiconductor [1,13]. T h e  introduction o f  strain in a 
se miconductor material brings about several changes in the b a n d  structure. T h e  strain 
in a n  epilayer can b e  split into purely axial a n d  hydrostatic co mponents. T h e  axial 
c o m p o n e n t  o f  the strain causes a splitting o f  the heavy-hole a n d  light-hole valence 
b a n d s  at the z o n e  centre a n d  leads to an anisotropic b a n d  structure. T h e  hydrostatic 
c o m p o n e n t ,  w h i c h  d e p e n d s  o n  the overall c h a n g e  in the v o l u m e  o f  the unit cell, leads 
to a shift in the average valence a n d  C B  energies, resulting in a net c h a n g e  in the
15
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bu lk bandgap. T h e s e  effects o n  the b a n d  structure o f  a strained bu lk like material are 
s h o w n  schematically in figure 2.5 [13].
F i g u r e  2.5: a) Representation o f  the b a n d  structure o f  an unstrained direct-gap 
se miconductor b) T h e  s a m e  structure u n de r tensile strain c) S a m e  structure u n de r  
compressive strain [13].
In the case o f  compressive strain the heavy-hole b a n d  is m o v e d  to higher energy with 
respect to the light hole band, while the opposite is true for tensile strain. A l s o  for 
compressive strain the highest b a n d  is n o w  h e a v y  in the g r o w t h  direction k _l  but light 
along i<// in plane, so that the laser characteristics m a y  then approach those o f  a n  ideal
16
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semiconductor. T h e  density o f  states b e c o m e s  lower than that for unstrained device. 
A l s o  d u e  to the increase heavy- a n d  light hole splitting earlier spill-over into higher 
sub-bands can b e  substantially reduced. Consequently, compressively strained Q W  
lasers h a v e  b e e n  s h o w n  to h a v e  m u c h  lo we r threshold current densities than similar 
unstrained devices (see figure 2.6) [14]. T h e  structures studied in this thesis are all 
compressive strain. Tensile strain lasers also s h o w  i m p r o v e d  p e rf or ma nc e w h i c h  is 
related mo st ly to the character o f  the V B  [1,13].
Figure 2.6 illustrates the impact o f  these de ve lo pm en ts o n  G a A s / A l G a A s  lasers since 
the inception in 19 6 2  u p  until the present d a y  [15].
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F i g u r e  2.6: T h e  d e v e l o p m e n t  o f  the G a A s / A l G a A s  se miconductor laser 
through the years [15].
1st demo semiconductor laser
homojunction
impact of heterojunctions 
^  (LPE).
double
heterestructure \   impact of quantization
(OMVPE, MBE)
quantum
wells V impact of strain
strained 
quantum wells
quantum box 
lasers?
17
C hapter 2: Background Theory
Is s h o w n  in chapter 4  that the substitution o f  the group V  element in group 
III-V c o m p o u n d s  with small a m o u n t s  o f  nitrogen leads to a  dramatic changes o f  the 
electronic properties offering a n e w  w a y  o f  band-structure engineering w h i c h  can b e  
u s e d  to i m p r o v e  optoelectronic properties.
All the a b o v e  changes in the electronic band-structure are related to novel 
physical properties. T h e  m o s t  appropriate w a y  of studying electronic b a n d  structure 
changes d u e  to b a n d  structure engineering is through optical spectroscopic 
techniques [16]. A t  optical frequencies, the primary contribution to s is f r o m  
electronic transitions. Therefore optical spectroscopic techniques ca n  b e  a very useful 
tool for studying electronic b a n d  structure. O n  the other h a n d  q u a n t u m  size effects 
increase the strength o f  optical features c o m p a r e d  to bulk materials. T h e  reason is 
that the lo we r dimensionality o f  Q W s  concentrates the carriers c o m p a r e d  to the 3 D  
case a n d  thus q u a n t u m  confinement leads to a better m a t c h  o f  electron a n d  hole 
wavefunctions. Al s o  the excitonic effects (electron -hole pair b o u n d  b y  C o u l o m b  
attraction) b e c o m e s  m o r e  important within Q W s .  T h e  binding e n er gy o f  excitons in 
2 D  is four times higher than its value in 3D ,  so excitonic effects are d o m i n a n t  in 
Q W s  e v e n  at r o o m  temperature. Excitons play a n  important role in spectroscopic 
experiments.
In this thesis an analytical study o f  the effect o f  N  o n  the electronic b a n d  
structure o f  G a l n N A s / G a A s  M Q W s  a n d  G a l n N A s / G a A s / A l A s  veitical-cavity- 
surface-emitting lasers ( V C S E L s )  a n d  other types o f  V C S E L  structures using the 
optical spectroscopic technique o f  modulation spectroscopy will b e  presented.
18
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2.3 Vertical-Cavity Surface-Emitting Lasers
W e  re viewed in the previous section h o w  b a n d  structure engineering has 
i m p r o v e d  the p e r f or ma nc e o f  lasers through the years. H o w e v e r  another w a y  to 
i m p r o v e  the laser properties ca n b e  achieved b y  controlling the p h o t o n  m o d e s .  B y  
placing the active v o l u m e  o f  a laser within a very small sized optical cavity, only a 
discrete n u m b e r  o f  m o d e s  will then b e  available for the c o n t i n u u m  o f  electronic 
states to interact b y  conserving en er gy a n d  m o m e n t u m .  T h e  control o f  the p h o t o n  
m o d e s  restricts the emission o f  light f r o m  electron a n d  hole pairs w h i c h  h a v e  to 
m a t c h  their energy with the discrete n u m b e r  o f  p h o t o n  m o d e s  in well determined 
directions a n d  polarisations. T h e  other part of the gain w h i c h  ca n not m a t c h  the 
p h o t o n  m o d e s  will either r e c o m b i n e  nonradiatively or, in cases o f  g o o d  quality 
materials, after a short relaxation time ( ~ 1 0 ‘ 1 2 s) will reach the p h o t o n  m a t c h e d  
electronic states a n d  contribute to the lasing emission. A  review o f  several aspects 
related to microcavities m a y  b e  f o un d in reference [17].
Vertical-cavity surface-emitting lasers ( V C S E L s )  are a novel type of 
semiconductor laser w h i c h  use all the latest develo pm en ts o f  bandstructure 
engineering to i m p r o v e  the active region o f  the laser an d  the control o f  p h o t o n  m o d e s  
b y  placing the active region within a microcavity. O n e  o f  the m o s t  important 
differences b e t w e e n  V C S E L s  a n d  ed g e  emitting lasers is the short cavity length o f  
V C S E L s  w h i c h  produces a single p h o t o n  m o d e  [ k n o w n  as the cavity m o d e  ( C M ) ]  
available for the electronic spec tr um to interact with. This produces a sharp dip in the 
reflectivity spectrum at the C M  wavelength. T h e  small active v o l u m e  o f  a V C S E L  
indicates that very l o w  threshold current is n e e d e d  for operation. H o w e v e r  the 
disadvantage o f  the short cavity region is that very high reflectivity mirrors h a v e  to 
b e  developed to maintain sufficient optical feedback in order to o v e r c o m e  the small
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gain m e d i u m .  This w a s  achieved b y  using distributed B r a g g  reflectors ( D B R )  to f o r m  
high reflectivity mirrors. D B R s  use large n u m b e r  of multiple pairs o f  quarter-wave 
thick materials with differing refractive indices. A l t h o u g h  the idea for using D B R s  
c a m e  f r o m  1982 [18], it w a s  only in 19 89 that the epitaxial technologies w e r e  able to 
p r od uc ed high reflectivity D B R s  an d  that the first r o o m  temperature V C S E L  
operated [19,20]. Reflectivities over 99.9 %  can b e  developed with m o r e  than 4 5  
pairs o f  layers for A l A s / G a A s  D B R s .  In figure 2.7 the general structure o f  a V C S E L  
is sh o w n .  For a c o m p r e h e n s i v e  account of early w o r k  the reader is referred to 
reference [2 1 ].
emission
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(p-type) 1 ......... .........
single Q W
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t  run
D B R  = = = = =
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Figure 2.7: VCSEL wafer
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T h e  other m a i n  difference o f  V C S E L s  as their n a m e  indicates is that the 
emission o f  light occurs perpendicular (see fig 2.7), rather than parallel (in the case 
o f  e d g e  emitters), to the wa fe r surface. T h e  g e o m e t r y  o f  this n e w  structure gives 
lasing characteristics w h i c h  are fundamentally different f r o m  those o f  conventional 
e d g e  emitting lasers with a horizontal stripe cavity. Properties such as single 
longitudinal m o d e  operation, small b e a m  divergence, circularly-symmetric output 
b e a m ,  l o w  threshold current, ease o f  fabrication an d  on-wafer testing m a k e  t h e m  
particularly interesting for several applications such as optical inter connector s.
H o w e v e r  the g r o w t h  o f  V C S E L  wafers is very d e m a n d i n g  since thickness a n d  
composition control o f  n u m e r o u s  layers has to b e  sufficiently accurate in order to 
m a t c h  the reflectance w a ve le ng th o f  the D B R s ,  to the C M  w a v e l e n g t h  a n d  the laser 
gain. T h e  output characteristics o f  a V C S E L  are determined b y  the degree of 
alignment o f  these parameters. A  close m a t c h  b e t w e e n  the a b o v e  parameters is 
n e e d e d  at the device operating temperature, to obtain the desired combination o f  l o w  
threshold current a n d  high p o w e r  output [22]. Hence, in order to achieve absolute 
accuracy a n d  repeatability o f  the laser emission wavelength, a post-growth 
characterisation o f  V C S E L  wafers is absolutely essential prior to full processing, in 
order to c h ec k that structures h a v e  b e e n  g r o w n  to specification. W h i l e  ordinary 
reflectance (R) spectroscopy ca n easily monitor the high reflectance stop band, the 
central C M  dip, a n d  subsidiary interference oscillations o f  a V C S E L  (see figure 2.8), 
the Q W  g r o u n d  state transition is not normally detectable in R  a n d  is generally 
difficult to determine f r o m  other front surface techniques d u e  to the presence o f  the 
top D B R .
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F i g u r e  2.8: Representative unnormalised reflectance s p e c r u m  o f  the 
G a l n N A S / G a A s / A l A s  V C S E L  w h i c h  will b e  studied in chapter 7. Ordinary 
reflectance (R) spectroscopy ca n monitor the m a i n  features o f  the characteristic R  
spec tr um o f  a V C S E L ,  su ch as the high reflectance stop band, the central C M  dip, 
a n d  subsidiary interference oscillations.
In chapters 5, 6  a n d  7, it is s h o w n  h o w  modulation spectroscopy can b e  us e d  
as a powerful probe tool for investigating full V C S E L  structures. In chapter 5 p h ot o­
m o d u l a t e d  reflectance (P R) m e a s u r e m e n t s  are used to characterise the g r o w t h  o f  a 
G a l n A s / G A A s / A l G a A s / A l A s  V C S E L .  In chapter 6  the interaction b e t w e e n  the C M  
a n d  the gain is studied b y  performing P R  m e a s u r e m e n t s  us a function o f  temperature. 
In chapter 7 electro-modulated reflectance (E R )  m e a s u r e m e n t s  are us e d  for 
investigating the b a n d  structure o f  a n e w  G a l n N A s  V C S E L .
2 2
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T h e  following section gives a n  introduction to the optical spectroscopic 
technique o f  m o d u l a t e d  reflectance, w h i c h  is the m a i n  experimental technique us ed 
here.
2.4 Theory of Modulation Reflectance Spectroscopy
M o d u l a t i o n  spectroscopy, especially P R  a n d  E R ,  has b e e n  extensively us ed to study 
se miconductor microstructures. T h e  objective o f  mo du la ti on spectroscopy is to 
obtain sharp, well resolved spectra that ca n b e  analysed to yield directly the 
properties o f  the semiconductor u n de r study. T h e  basic principle be hi nd modu la ti on 
spectroscopy is that the s a m p l e  dielectric function s is externally m o d u l a t e d  at a 
frequency co . T h e  resultant c h a n g e  o f  the dielectric function is pr o b e d  b y  a 
spectrally-resolved source a n d  its A C  c o mp on en t, Ae(eo), yields sharp, differential- 
like spectra. In the present work, m o d u l a t e d  reflectance spectroscopy techniques 
h a v e  b e e n  us e d  w h e r e  the c h a n g e  A R  in the reflectivity (R) o f  a s a m p l e  d u e  to a n 
external perturbation is measured.
T h e  reflectivity o f  a bulk material at n o r m a l  incidence is given b y  Fresnel’s formula
as:
(n - 1 ) 2 + k 2 
R  =  7  %    with n =
(« +  l) 2 +  k 2
(£2 2 \ /2 1  i + e ? ;  + £ i
1 /2
k —
17 2 2 ) 1/2 1  
( e f + e 2) - Sl
2 2
1/2
(2 .1 )
w h e r e  n  a n d  k  are the real a n d  the imaginary parts of the c o m p l e x  refractive index 
n  =  (n  +  i k )  while e, a n d s 2 are the real a n d  the imaginary parts o f  the c o m p l e x  
dielectric function s =  El +  zs2 . T h e  total differential o f  R  with respect to e t a n d  s 2 
provides a ph en o m e n o l o g i c a l  description o f  the reflectance modulation,
A R
R
= a(81,£2)A81 + P ( s 158 2 )A8; (2.2)
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W h e r e  a  =  a n d  6  = -------
R  de, R  d s 2
a s s u m i n g  that the dielectric function o f  the reflecting material is uniformly c h a n g e d  
b y  the mo du la ti on b y  amounts, A e 1 a n d  A e 2 . T h e  coefficients a  a n d  p are the 
Seraphin coefficients. Their analytical expression for n o r m a l  incidence ca n b e  f o un d 
in reference [23]. In general, for both bulk semiconductors a n d  individual layers in a 
heterostructure, o n e  finds that the reflectivity an d  thus the Seraphin coefficients, vary 
only w e a k l y  as a function o f  p h o t o n  energy E =  has a n d  are, therefore, usually 
a s s u m e d  to b e  constant in the vicinity o f  the critical points (CPs) o f  the b a n d  
structure, or near excitonic a n d  electronic transitions. Thus, in such cases the actual 
line shape o f  the P R  signal is determined primarily b y  the line shapes o f  Ae/ a n d  A s 2. 
T h e  sign a n d  relative amplitude determine generally only the ph as e o f  the 
modulated-reflectance spectrum in the different spectral regions.
T h e  origins o f  sharp features at specific energies in a m o d u l a t e d  reflectivity 
( A R / R )  sp ec tr um o f  a semiconductor can b e  understood b y  e x a m i n i n g  the 
connection b e t w e e n  e 2 a n d  b a n d  structure. A s s u m i n g  that the absorption is d u e  to 
the s u m  o f  all the possible transitions b e t w e e n  electronic states o f  the s a m e  K-vector 
a n d  separated b y  the energy difference E  f  -  E . =  A E  =  ftoo w e  h a v e
A  single absoiption process can b e  described as an incident electromagnetic w a v e  
w h i c h  stimulates the transition o f  a n  electron f r o m  the initial state with en er gy E (.
a n d  w a v e  vector k  into a final state o f  energy E  f a n d  w a v e  vector k  '.
(2.3)
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e • M ;/. is the matrix element o f  the perturbing light w a v e  with respect to the w a v e
o f  finding the electron in the excited state after the perturbation applied b y  an electric 
field o f  frequency 00 a n d  polarisation e .
A s s u m i n g  that the matrix element is the s a m e  for all the pairs o f  states located 
vertically a b o v e  each other in k  space, regardless of their location in the Brillouin 
zone, the joint density-of-states (J D O S ) function, J (AE), ca n b e  written as:
T h e  J D O S  function represents the simple counting of states within the Brillouin z o n e  
for w h i c h  E  f  -  E,. =  A E  =  /zoo . T h u s  s 2 can b e  written as:
is the gradient o f  the separation o f  the initial an d  final states with respect to k . It is
has a singularity. S u c h  points in the Brillouin z o n e  are referred to as c r i t i c a l  p o in t s .  
T h e  a b o v e  condition is satisfied at points o f  high s y m m e t r y  in the Brillouin z o n e  
( T , X ,  a n d  L  ). T h e s e  critical point energies in the b a n d  structure h a v e  considerable 
influence o n  the spectral profile o f  e 2 . T h e  determination o f  these transition energies 
is the first step towards determining the electronic b a n d  structure.
function o f  the initial a n d  final states. This matrix element describes the probability
(2.4)
T h e  a b o v e  v o l u m e  integral for j ( A E )  can b e  written in tenns o f  a surface integral in 
the following fonn:
(2 .6 )
w h e r e  d S  is the surface element o f  the isoenergetic surface A E  =  c o n s t , a n d  V a.(AE)
evident f r o m  the a b o v e  equation that w h e n e v e r  V a ( A E ) = 0 is satisfied the integrand
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A s  with all the mo du la ti on techniques, the perturbation changes the dielectric 
properties o f  the unperturbed solid. T h e s e  changes are described in terms o f  a 
change, A e  , o f  the c o m p l e x  dielectric function, e . In the w o r k  presented in this 
thesis, the majority o f  the cases involve electric field (F) modulation. A s  described 
b y  A s p n e s  [24], the perturbation te rm q F - r  (q is the charge o f  the carrier) for the 
electric field is not lattice-periodic: it represents a net force that accelerates the 
electron, a n d  therefore completely destroys the translational invariance o f  the 
Hamiltonian in the field direction. T h e  electron accelerates, a n d  m o m e n t u m  is n o  
longer a g o o d  q u a n t u m  n u m b e r  in the field direction. This is equivalent to spreading 
the formerly sharp vertical transitions o f  the unperturbed crystal over a finite range of 
initial a n d  final m o m e n t a ,  as s h o w n  in figure 2.9 b o t t o m  plot.
--------------  U N P E R T U R B E D
i
F i g u r e  2.9: ii: the c h a n g e  in the imaginary part of the dielectric function w h e n  lattice 
periodicity is preserved (by applied stress for example), i: similar d i a g r a m  for electric 
field mo du la ti on w h e r e  lattice periodicity is not preserved. T h e  effect o f  the 
perturbation o n  the energy b a n d  structure a n d  optical transition is s h o w n  at the left in 
each case [24],
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If the field is not too large, the m i x i n g  will b e  restricted to those wavefunctions near 
the original vertical allowed transitions (see b o t t o m  plot figure 2.9). This will s m e a r  
out structure in the unperturbed dielectric function, yielding a m o r e  complicated 
difference sp ectrum ha vi ng changes in sign as indicated in the b o t t o m  half figure. 
This difference ca n b e  ap pr ox im at ed only b y  higher derivatives o f  the unperturbed 
dielectric function. F o r  such a situation in the l o w  field r e g i m e
w h e r e  jLip is the reduced density o f  states effective m a s s  in the direction o f  the field
a n d  T  a broadening parameter to account for scattering b y  p h o n o n s  etc, 
the c h a n g e  in s ca n b e  written as [25]:
w h e r e  p// is the reduced density o f  states effective m a s s  in the direction o f  the field 
T w o  important points are demonstrated b y  the a b o v e  equation. Firstly, in the l o w  
field limit, a n  invariant lineshape is observed w h i c h  scales quadratically with the 
applied field. Se co n d l y  the field-induced c h a n g e  in the dielectric function, A e  , has a 
third derivative relationship with the unperturbed dielectric function e . T h u s  the fact 
that e changes rapidly near a critical point an d  that A e  is proportional to its 
derivative explains w h y  the sharp features arise in the A R / R  spectra. A  periodic 
c h a n g e  in the b a n d  structure, generated b y  the modulation parameter (electric field in 
our case), is m o s t  effectively seen at these singularities. T u n i n g  the detection to the 
p h as e a n d  the frequency o f  the mo du la ti on amplifies the synchronously m o d u l a t e d  
contribution f r o m  the slope discontinuity o f  the joint density-of-states function, 
rejecting the u n m o d u l a t e d  b a c k g r o u n d  f r o m  areas w h e r e  the function is smooth.
(2.7)
(2 .8 )
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In order to analyse experimental data the simplified lineshape function 
created b y  A s p n e s  is used: Equation 2.2 ca n b e  written as:
A R.
 =  Re[(a -  /p X ^ 8 i +  /A s 2)] a n d  then b y  writing a  - z p  =  C e ' 3 a n d  after A s p n e s
R
As, +  /As, ~  7 ------   v- equation 2.2 ca n b e  written as [241:
( E - E g + z T y
A R ( e > ± R
R
C  j e " >1
(2.9)(e - e 0j. + / r , ) ”
w h e r e  the s u m m a t i o n  over n  is to account for m o r e  than o n e  critical point at the 
en er gy E 0y. is the phase factor an d  C } is amplitude proportional to oscillator
strength a n d  square o f  the applied field. F o r  a three dimensional critical point the 
e x po ne nt m = 2 . 5 .  T h e  a b o v e  equation is refereed to as A s p n e s  third derivative 
functional f o r m  ( T D F F ) .
W h e n  the electric field is larger (intermediate field conditions), so that
(2 .1 0 )
the dielectric constant o f  a semiconductor s 2 is n o  longer zero b e l o w  E g but
decreases exponentially d u e  to spatial tilting o f  the C B  a n d  V B .  A n  electron going 
f r o m  V B  - +  C B  has to tunnel through a distance dependent o n  the applied electric 
field a n d  can u n d e r g o  this for /zoo <  E g . T h e  electron plus hole wavefunctions h a v e
evanescent tails in the forbidden ga p  resulting in a tail o f  A s 2 exponentially 
decaying b e l o w  E g (see figure 2.10).
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F i g u r e  2.10: Sc hematic representation o f  the Franz-Keldysh effect o n  the interband 
absorption [25]. In the presence o f  an applied electric field ( C B , V B  tilted). T h e  states 
s h o w n  in the figure are in the valence a n d  conduction bands, w h i c h  after the 
application o f  the electric field are separated b y  A E  <  E g but overlap be ca us e o f  the 
tail that tunnels into the b a n d  gap.
A b o v e  E g the A e 2 structure is oscillatory d u e  to interference effects in the
wavefunctions. T h e s e  oscillations are refereed to as F r a n z - K e l d y s h  Oscillations 
( F K O )  [26]. A n  e x a m p l e  o f  F I C O s  features is given in figure 2.11 f r o m  our 
m e a s u r e m e n t s  o n  a G a N A s / G a A s  Q W  structure. T h e  period o f  the oscillations is 
related to the electric field a n d  ca n b e  used as a simple m e t h o d  to study 
surface/interface electric fields o f  d o p e d  materials [27].
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Fi g u r e  2.11: P R  spectra o n  a G a N A s / G a A s  Q W  structure the oscillatory 
features a b o v e  the b a n d - g a p  corresponding to bulk G a A s  F K O s  as described in the 
text.
A t  e v e n  higher fields the b a n d  structure itself gets altered, leading to a 
b r e a k d o w n  o f  the selection rules a n d  Stark shift o f  the energy bands. H o w e v e r ,  such 
a situation is rarely encountered.
In the case o f  semiconductor q u a n t u m  confined structures the application o f  
the electric field in the direction o f  confinement can not accelerate the carriers. 
H o w e v e r ,  the electric field is still modulating the s a m p l e  b y  the q u a n t u m
1 ■ I 1 '
G a N A s / G a A s  
Q W  s t r u c t u r e
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i i
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confinement Stark effect ( Q C S E )  [28]. A  representation o f  this effect is s h o w n  in 
figure 2 .1 2 .
F i g u r e  2.12: Sc hematic graph o f  Q C S E  [29]. T h e  electric field is applied along the 
g r o w t h  direction o f  the Q W .  A  reduction in the confined-state transition energies a n d  
modification o f  the overlap b e t w e e n  electron an d  hole wavefunctions occurs as a 
result o f  the electric field, w h i c h  is tilting the bands.
U n d e r  these circumstances the lineshape o f  A e  o f  q u a n t u m  well at l o w  
temperatures has a first derivative nature similar to b o u n d  states su ch as excitons. A  
derivation o f  A s  at l o w  temperature for a n  excitonic transition is given b y  reference
[30], a n d  ca n b e  presented in a c o m p a c t  f o r m  as [31]:
r  \
w h e r e  the first term represents the c h a n g e  in the strength I o f  the transition, the 
se c o n d  the c h a n g e  in the energy position E nm a n d  the third te rm the c h a n g e  in the
Q W - n o  applied 
E-Field
QW-with applied 
E-Field
Eq + Eicon!
d e  d i  d z  d E „ lu d e  d T  
A s  = ------- + ---------- ,jnL + -------- A F
d i d F  d E „  d F  d T  d F (2 .1 1 )
V /
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p h en om en ol og ic al broadening T . This representation o f  A s  is described as a first 
differential lineshape m o d e l  ( F D L M ) .  N o t e  that for l o w  T  the F D M L  m a y  a s s u m e  a 
Lorentzian f o r m  for the dielectric function s [31]:
F o r  room-temperature m e a s u r e m e n t s  a Gaussian f o r m  for describing s is 
m o r e  appropriate [32]. H o w e v e r ,  the associated fitting function is not analytical but 
is instead a c u m b e r s o m e  series (hypergeometric function) [33].
It has b e e n  s h o w n  that although the T D F F  (equation 2.9 with m = 3 )  is physically 
inappropriate to describe the P R  spectrum o f  excitons in Q W s  at r o o m  temperature, it 
does m i m i c s  Equations 2.2 a n d  2.1$ with an excitonic dielectric function ha vi ng a 
Ga ussian profile [31]. H o w e v e r ,  it is important to r e m e m b e r  that e v e n  at high 
temperatures, the P R  spectrum still arises f r o m  an optical modu la ti on of excitonic 
transitions a n d  not f r o m  a two-dimensional critical point.
A n  e x a m p l e  o f  fitting Q W  P R  spectra at r o o m  temperature with the A s p n e s s  
T D F F  with m = 3  is s h o w n  in figure 2.13. T h e  o p e n  circles are experimental points 
obtained b y  performing P R  m e a s u r e m e n t s  at r o o m  temperature o n  a G a l n N A s / G a A s  
single Q W  laser structure. T h e  solid curves represent the fit to the experimental data 
using a T D F F  with m = 3 .  T h e  assignments for the transitions occur b y  c o m p a r i n g  the 
energies o f  the four oscillators n e e d e d  in order to fit the spectra with the available 
Q W  transitions as expected f r o m  theoretical model.
(2 .1 «
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F i g u r e  2.13: Circles: experimental P R  data o n  a G a l n N A s / G a A s  Q W  laser structure. 
Solid lines: fit to experimental data using A s p n e s  T D F F  described in the text. T h e  
arrows represent the energies for the 4  oscillators used in order to get the best fit. T h e  
n u m b e r s  are the energies o f  the theoretical transitions w h i c h  w e r e  finally us e d  in 
order to get the fit s h o w n  in the figure. N o t e  the notation e nh h m us e d  to denote die 
Q W  excitonic state f o r m e d  b y  the « th confined electron state in the C B  a n d  the m th 
confined heavy-hole state in the V B .
W e  will see in chapter 5, 6  a n d  7 that in the case of m o d u l a t e d  reflectance 
studies in V C S E L s  a modified lineshape function has to b e  u s e d  in order to describe 
the experimental results.
O v e r  the last tw en ty years there has b e e n  considerable interest in the optical 
properties o f  low-dimensional structures for both fundamental studies a n d  for device 
applications. M o d u l a t i o n  spectroscopy has p r ov en to b e  a powerful experimental
n-- j— i--1— i— i— |-- 1— i--1-- 1-- 1--1-- 1--1— i--j r
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e 1h h 1= 0 . 9 8 6  e V
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*solid lines:Fitting
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technique for studying the properties o f  bulk semiconductors, reduced dimensional 
systems (surfaces, interfaces, heterostructures, etc.) actual device structures a n d  
growth/processing [27]. It is evident f r o m  review articles that there has already b e e n  
a significant a m o u n t  o f  w o r k  in this field. H o w e v e r ,  there remains m u c h  scope for 
application o f  mo du la ti on spectroscopy. In this thesis, m o du la ti on spectroscopy is 
applied particularly in the contactless fo rm s o f  E R  a n d  P R  to novel semiconductor 
q u a n t u m  structures an d  laser devices.
T h e  following chapter gives a n  o v er vi ew o f  the experimental techniques us ed 
as part o f  this thesis work.
C hapter 2 : Background Theory
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C h a p t e r  3
E x p e r i m e n t a l  T e c h n i q u e s
3.1 Introduction
This chapter describes the various experimental techniques us ed for the studies 
undertaken in this thesis. T h e  m a i n  emph as is of the w o r k  focuses o n  the application 
o f  modu la ti on spectroscopy, in the f o r m  o f  p h ot om od ul at ed reflectance (P R) a n d  
electromodulated reflectance ( E R )  spectroscopy, to a n u m b e r  o f  semiconductor 
materials an d  devices. Additional experimental techniques such as 
photoluminescence spectroscopy (PL), reflectance spectroscopy (R) a n d  
electroluminesence (E L) m e a s u r e m e n t s  are us ed to c o m p l e m e n t  the information 
provided b y  P R  a n d  E R .  In this chapter w e  will consider experimental details o f  our 
m e a s u r e m e n t s  a n d  w e  will also describe h o w  pressure a n d  temperature depe nd en t 
m e a s u r e m e n t s  can b e  u s e d  in order to understand basic physical processes of 
semiconductor materials a n d  laser structures.
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3.2 Modulation Reflectance Spectroscopy Experiments: General
Considerations.
T h e  theoretical aspects o f  modulation spectroscopy h a v e  already b e e n  discussed in 
the previous chapter. F r o m  the experimental point of view, the set u p  o f  modulation 
spectroscopy includes a m o n o c h r o m a t i c  probe b e a m  w h o s e  wave le ng th can b e  
varied, an external perturbation that can m o du la te the dielectric function o f  the 
sample, an d  a detection system to record the changes in the optical response o f  the 
s a m p l e  as s h o w n  in figure 3.1.
Figure 3.1: General v i e w  o f  experimental apparatus for mo dulation spectroscopy 
experiments.
T h e  probe b e a m  can b e  derived f r o m  a light source, w h i c h  can b e  dispersed 
through a spectrometer with gratings in order to vary its w a ve le ng th an d  scan the 
range o f  interest. In this w o r k  electric field modulation w a s  used an d  the external 
perturbation to the s a m p l e  w a s  applied in t w o  non-destructive ways. For P R  
m e a s u r e m e n t s  the perturbation w a s  applied b y  shining a se co nd b e a m  o f  light 
(usually a laser b e a m )  o n  to the s a m p l e  to modu la te the samples surface electric field 
while for the E R  m e a s u r e m e n t s  a direct application of voltage w a s  used. T h e  changes
39
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in reflectivity A R  o f  the s a m p l e  are very small c o m p a r e d  to the reflectivity R  ( A R / R  
~  10 ' 4 ~ 1 0 ‘6). Therefore the perturbation is usually m a d e  periodic a n d  ph as e sensitive 
detection techniques are used. T h e  optical response of the s a m p l e  ca n b e  divided in 
to t w o  co mp on en ts : the ac part w h i c h  is m e a s u r e d  in phase with the perturbation a n d  
w h i c h  corresponds to the m o d u l a t e d  reflectance (I0 A R )  a n d  the d c  part w h i c h  is 
m u c h  larger a n d  w h i c h  corresponds to the reflectance (I0 R )  o f  the sample. T h e  factor 
Io is the energy/wavelength de pe nd en t system response. It represents the s y st em 
response o f  the detector c o m b i n e d  with the wavelength/energy d e p e n d e n c e  o f  the 
light source, gratings, lenses etc. T h e  P R  signal, A R / R  is then calculated after 
b a c k g r o u n d  subtraction. This offset is m a i n l y  a result o f  the P L  f r o m  the sample: the 
laser mo du la ti on also excites electrons into high lying conduction bands, s o m e  of 
these earners quickly relax to the b o t t o m  o f  the conduction b a n d  (CB). T h e r e  they 
r e c o m b i n e  radiatively with available states at the top of the valence b a n d  ( V B )  giving 
rise to a luminescence sp ec tr um observed as a b a c k g r o u n d  in the A R  signal.
3.1 Pressure and Temperature Dependent Studies in Semiconductors: General 
Considerations.
T e m p e r a t u r e  a n d  pressure de pe nd en t m e a s u r e m e n t s  h a v e  pr ov ed a useful tool for 
studying semiconductors since both can cause considerable perturbation o f  the b a n d  
structure. Hydrostatic pressure maintains the s y m m e t r y  o f  the crystal (unless a phase 
transition occurs) but reduces the lattice constant. In III-V materials pressure also 
causes a n  increase o f  the direct b a n d  gap. T h e  a m o u n t  o f  energy shift with pressure is 
a characteristic o f  the material.
W h e n  the temperature is reduced the lattice constant also decreases (similar 
effect as u n de r hydrostatic pressure) a n d  the direct b a n d g a p  also increases. H o w e v e r
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the b a n d g a p  also increases as a result o f  the decrease in electron-phonon interactions. 
T h e  temperature variation o f  the b a n d  g a p  is c o m m o n l y  described b y  the Varshni [1] 
or Bose-Einstein expressions [2],
w h e r e  E( T )  is the energy gap, E(0) is its value at 0° K, a n d  a  a n d  B  are material 
dependent constants.
w h e r e  E B - a B is the energy g a p  at 0° IC, ®  describes the m e a n  temperature o f  the 
p h o n o n s  involved a n d  a B the strength o f  the electron-phonon interaction.
In chapter 4  temperature a n d  pressure dependent studies are p e rf or me d for a 
series o f  G a l n N A s / G a A s  M Q W s ,  w h i c h  is a m o s t  important m e m b e r  o f  a n e w  class 
o f  III-N-V alloys. B e c a u s e  the localised N-states h a v e  m u c h  w e a k e r  pressure 
d e p e n d e n c e  c o m p a r e d  to die extended conduction b a n d  state, hydrostatic pressure 
ca n c h a n g e  the location o f  the N-states relative to the conduction b a n d  edge. T h e  
influence o f  N  o n  pressure a n d  temperature results can b e  u s e d  to give important 
information related to unusual properties o f  this n e w  material. In the w o r k  described 
here w e  h a v e  also pe r f o r m e d  P R  a n d  E R  m e a s u r e m e n t s  as a function o f  temperature 
o n  vertical-cavity surface-emitting laser structures ( V C S E L s ) .  Features 
corresponding to the gain a n d  the cavity m o d e  d o mi na te the E R  a n d  P R  spectra o f  a 
V C S E L .  In chapter 6 , b y  using the fact that the temperature shift o f  the gain is m u c h  
larger than that o f  the cavity m o d e  an d  b y  analysing the interaction b e t w e e n  the t w o  
features as they m o v e  in a n d  out o f  resonance, w e  perforin a n  analytical temperature 
de pe nd en t study o f  a G a l n A s / G a A s / A l A s  V C S E L .  Furthermore, in chapter 7 b y
cxT2
T h e  Varshni expression is given by: E ( t ) =  E ( p )------- (3.1)
(3.2)
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performing E R  m e a s u r e m e n t s  as a function o f  temperature a n d  incidence angle, w e  
c o m p a r e  our spectroscopic results with optical p u m p i n g  experiments for a 
G a l n N A s / G a A s / A l A s  V C S E L  suitable for the telecommunication range emission. 
O u r  studies confirm a n  intrinsic property o f  G a l n N A s  material, w h i c h  can b e  used in 
modelling a n d  designed devices with ultrabroad temperature range.
3.2 Photomodulated Reflectance (PR) Spectroscopy
F o r  the P R  m e a s u r e m e n t s  a se co nd b e a m  ( p u m p )  is sh on e o n  the s a m e  spot o f  the 
p r ob e b e a m .  T h e  intensity o f  the p u m p  b e a m  has to b e  2-3 times larger than the 
p robe o n e  a n d  is usually a laser [3]. T h e  wavelength o f  the laser has to b e  higher in 
energy (lower in wavelength) than the b a n d  ga p in order to b e  absorbed in the 
material u n de r investigation. T h e  technique o f  modulating the s a m p l e  in this w a y  
uses the existence o f  b r o k e n  b o n d s  at the surface of the semiconductor. T h e s e  surface 
states capture the free electron earners near the surface so the Fermi-level is pinned 
to s o m e  value at the surface a n d  w h i c h  in turn gives rise to a surface electric field 
(Fs). W h e n  the mo du la ti on ( p u m p  b e a m )  is applied o n  to the sample, the earners 
created d u e  to absorption processes get separated at the surface d u e  to F s. T h e  
opposite charge earners o f  the surface states w o u l d  m o v e  towards the surface an d  
will tend to reduce F s towards zero (in figure 3.2 the photogenerated holes w o u l d  
m o v e  towards the surface while the photo-generated electrons will m o v e  a w a y  f r o m  
it). T h u s  the periodic perturbation w o u l d  periodically c h a n g e  the electric field at the 
surface w h i c h  in turn periodically c h a n g e  the latter’s dielectric function e w h i c h  is 
related to the R  o f  the s a m p l e  u n de r study.
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Figure 3.2: M e c h a n i s m  o f  surface field modulation in a photoreflectance (PR) 
spectroscopy experiment [4].
In the following paragraph the experimental apparatus us e d  to acquire P R  
m e a s u r e m e n t s  is described.
A  10 0 W  tungsten-halogen bulb provided a white light source for the 
incidence b e a m .  This w a s  dispersed through a 0.5 S p e x  1 8 7 0  m o n o c h r o m a t o r  w h i c h  
has a 6 0 0  l i ne s/ mm grating blazed at 1 p m .  T h e  slit width w a s  set according to the 
required resolution o f  the experiment, usually b e t w e e n  2 0 0  p m  to 8 0 0  p m ,  with an 
i m a g e  slit height of 2  m m .  A  coloured glass long wa ve le ng th pass filter w a s  put in 
front o f  the m o n o c h r o m a t o r  to attenuate overlapping higher order diffracted b e a m s  o f  
shorter wavelength. T h e  probe light w a s  focused o n  to the s a m p l e  using t w o  lenses, 
with focal length o f  15 0 m m ,  such that the incident light passed b e t w e e n  the t w o  
lenses as a parallel b e a m .  F o r  n o r m a l  incidence m e a s u r e m e n t s  a b e a m  splitter w a s  
us e d  b e t w e e n  the t w o  lenses. T h e  probe b e a m  on c e  reflected off the s a m p l e  w a s  
refocused onto detector using single lens o f  focal length 6 0  m m .  A  coloured glass 
high pass filter w a s  us ed in front o f  the detector to reduce the a m o u n t  o f  scattered 
laser light. T h e  modu la ti on w a s  periodically applied b y  c h op pi ng the laser [red (633 
n m )  or blue (441 n m )  dependent o n  the sa m p l e  un de r study] at appropriate frequency
4 3
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(bet we en the range o f  0.2-1.0 k H z  a w a y  f i o m  the a.c p o w e r  line frequency a n d  its 
harmonics). D e p e n d e n t  f r o m  the range o f  interest Si (scan range: 5 0 0 - 1 1 0 0  m n )  or 
I n G a A s  (scan range: 8 0 0 - 1 8 0 0  m n )  detectors w e r e  used. In s o m e  cases averaging 
scans w e r e  us ed in order to i m p r o v e  the signal to noise ratio. W h e n  the A R  signal is 
m e a s u r e d  in ph as e with the laser mo du la ti on strong P L  ca n a d d  a large offset to the 
P R  spectra. This can distort the results especially at l o w  temperatures since y o u  h a v e  
a tiny A R / R  ( ~ 1 0 ' 4 ~10'6) o n  the top of a high background. In su ch cases neutral 
density filters w e r e  us e d  to reduce the laser intensity. H o w e v e r  b y  reducing the 
intensity o f  the laser y o u  also reduce yo u r  P R  signal so a c o m p r o m i s e  b e t w e e n  the 
t w o  has to b e  m a d e .  T o  ch ec k the calibration o f  the spectrometer a h o l m i u m  oxide 
filter w h o s e  reflectance or absorption sp ec tr um is well k n o w n  w a s  used.
T h e  P R  experiment w a s  controlled b y  a microcomputer. T h e  d.c output f r o m  
the detector w a s  m e a s u r e d  using a digital multimeter (Keithley 196) w h i c h  
c o m m u n i c a t e d  the information to the m i c r o c o m p u t e r  using a conventional I E E E  
interface. T h e  a.c c o m p o n e n t  o f  the signal w a s  extracted using a lock-in amplifier 
( E G + G  5110) locked in at the frequency o f  the modulation a n d  then sent to the 
m i c r o c o m p u t e r  via an additional multimeter. T h e  data w e r e  transferred, analysed a n d
■j I
fitted o n  a P e n t i u m  P C  ' . T h e  schematic set-up o f  P R  apparatus is s h o w n  in figure 
3.3.
31 Software developed by Dr T. J. C. Hosea, Department of Physics, University of Surrey.
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Figure 3.3: Sc he ma ti c set-up of P R  apparatus.
3.4.1 PR studies as a Function of Temperature.
Fo r temperature dependent experiments the sa mp le w a s  m o u n t e d  o n  an L  shaped C u
3 2 1
finger ' s h o w n  in figure 3.4 (the s a m e  holder w a s  used for the electromodulated 
3 2 Developed by Dr. S. Ghosh
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reflectance a n d  electroluminesence m e a s u r e m e n t s  as a function o f  temperature), 
attached to the cold h e a d  o f  a closed cycle He-reffigerator ( C T I  Cryogenics).
Figure 3.4: Sche ma ti c o f  the s a m p l e  holder for temperature depe nd en t studies [5].
This enabled the temperature to b e  varied b e t w e e n  9  K - 3 2 5  K .  T h e  sa m p l e  
w a s  m o u n t e d  o n  the cold finger using A c h e s o n  electrodag 1 4 1 5 M  (silver in m e th yl 
isobutyl ketone). T h e  optical cylindrical w i n d o w  o n  the cold h e a d  are m a d e  o f  quartz 
w h i c h  is transparent in the w a ve le ng th range o f  0.2 p m  to 2.5 p m .  T h e  cryostat (with 
360° optical access) w a s  evacuated using t w o  stage rotary/diffusion p u m p  system to 
attain a v a c u u m  o f  1 0 "5 Tore before cooling. T h e  cold h e a d  w a s  maintained at the 
desired temperature using a ( M o d e l  3 3 0  autotuning La k e s h o r e  Cryotronics, Inc) 
temperature controller. T h e  temperature w a s  mo ni to re d with t w o  diode temperature 
sensors: o n e  placed o n  the base o f  the L-bracket (see figure 3.4) a n d  o n e  o n  the b a c k  
o f  the L-bracket (in order to accurately determine the temperature o n  the sample).
A s  m e n t i o n e d  previously, the detected A R  signal contains an offset d u e  to the 
P L  emitted b y  the s a m p l e  after excitation f r o m  the laser source. A s  s h o w n  earlier, the 
use o f  neutral density filters ca n  s o m e t i m e s  alleviate this problem. H o w e v e r ,  for s o m e  
experiments, m e a s u r e m e n t s  c a n  b e  m a d e  with the ph as e shifted b y  90° with
35j ® pSample
1 0
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respect to the PL. In s o m e  cases, although the size of the P R  signal is reduced, the 
b a c k g r o u n d  offset is also reduced. T h u s  the signal to noise ratio ca n b e  increased 
m a k i n g  the quality o f  the data m u c h  better. Other m e t h o d s  ca n b e  also u s e d  to 
c o m p e n s a t e  the effect o f  PL . O n e  o f  t h e m  is k n o w n  as the dual c h o p p e d  
photoreflectance ( D C P R )  technique [6 ]. In this modification o f  P R ,  the p u m p  a n d  
probe b e a m s  are m o d u l a t e d  at different frequencies, allowing the P R  signal to b e  
detected at the s u m  or difference in the frequency of the two. A l t h o u g h  the signal o f  
D C P R  is 1/tc times that o f  conventional P R ,  the P L  is n o  longer m o d u l a t e d  at the 
detecting frequency a n d  in principal ceases to b e  a p r o b l e m  [6 ].
3.4.2 PR Studies under Pressure
In the m o d e m  ag e o f  high-pressure physics, the diamond-anvil cell ( D A C )  is 
clearly the tool o f  choice for pressure measurements. T h e  m a i n  part o f  every D A C  is 
the tiny o p p o s e d  B r i d g m a n  d i a m o n d  anvil configuration s h o w n  in figure 3.5.
Performing high-pressure P R  m e a s u r e m e n t s  is difficult task, because P R  
m e a s u r e m e n t s  h a v e  to b e  d o n e  o n  chiplike specimens o f  a s a m p l e  inside the gasket 
hole ( 5 0 0 p m )  o f  the D A C ,  described later in the section.
A l t h o u g h  the m a i n  part o f  the experimental set-up remains the s a m e  the 
s a m p l e  needs a special preparation a n d  loading procedure. H o w e v e r ,  high-pressure 
P R  has b e e n  a ve ry useful tool for studying the bandstmcture o f  semiconductors.
T h e  D A C  w a s  provided b y  Professor B. A. Weinstein 3 3 w h o  also loaded the 
s a m p l e  into the D A C .  T h e  author thinned d o w n  the samples to ~  2 5  p m  ( w e  discuss 
this point later in the section).
3 3 During Professor B. A. Weinstein sabbatical at Surrey we combined modulation spectroscopy and 
high-pressure studies using the DAC.
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D h i r i x f i d A u y l l  C e l l
Metal
Diamond
Force 
Generating
Figure 3.5: Schematics of the opposed Bridgman 
anvil configuration [7]. The figure represent 
transmission experiment.
A s  described in reference [7] in this configuration, a thin piece o f  metal, called the 
gasket, is positioned b e t w e e n  t w o  g e m  quality d i a m o n d s  that h a v e  their points (culets) 
g r o u n d  to a flat surface. After indenting the gasket with the d i am on ds , a small hole is 
drilled in the gasket a n d  centred b e t w e e n  the anvil surfaces. T h e  small v o l u m e  defined 
b y  the hole in the gasket a n d  both d i a m o n d s  culets is the s a m p l e  cham be r. After 
inserting a small sa m p l e  to study, a n d  a couple o f  small ruby (AI2O3 d o p e d  with C r 3+) 
chips for pressure calibration, the c h a m b e r  is filled with the pressure m e d i u m  (usually 
a fluid) to provide the required hydrostatic environment.
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W h e n  a force (up to 10 k N  ~  1 ton) is applied to the d i a m o n d  anvils, they are brought 
closer together, squeezing the gasket b e t w e e n  them. T h e  gasket material being metal 
will begin to flow u n d e r  this e n o r m o u s  stress, causing a decrease in the dimensions 
o f  the s a m p l e  chamber. T h e  resulting pressure increase in the m e d i u m  is transmitted 
hydrostatically to the sample.
Before each experiment, the d i a m o n d  anvils m u s t  b e  properly aligned. If this 
is not done, the experiment ca n fail, or worse, the d i a m o n d s  ca n b e  destroyed. Proper 
alignment o f  the d i a m o n d s  is achieved w h e n  both anvil surfaces are parallel, a n d  the 
culets are coaxial. Parallelism b e t w e e n  the t w o  flat diamond-anvil surfaces ca n b e  
detected b y  observation o f  the parallel interference fringes f o r m e d  the t w o  anvils 
w h e n  they are in contact with o n e  another. Axial alignment is achieved w h e n  the 
perimeters o f  the t w o  anvil culets are m a t c h e d  as closely as possible. Analytical 
description for the a b o v e  operations can b e  fo un d elsewhere [7].
T h e  first step in the loading process is the preparation o f  the gasket, w h i c h  is 
centred b e t w e e n  the anvil surfaces. In all the experiments that w e  performed, the 
gasket, w h i c h  w a s  initially 3 0 0  p m  thick, w a s  squeezed b e t w e e n  bo th d i a m o n d s  a n d  
indented until the thickness w a s  approximately 120 p m .  After the indentation, a 
prick-punch w a s  m a d e  un d e r  the m i cr os co pe in the centre o f  the indentation to help 
in centring the carbide drill bit. T h e n  a 2 0 0  p m  diameter hole w a s  drilled at the 
centre o f  the indentation using x-y micropositioners to ensure proper centring o f  the 
drill bit in the prick-punch. This hole w a s  then e x p a n d e d  to 5 0 0  p m .  O n c e  a well- 
centred gasket hole w a s  obtained, w e  proceeded to d e b u n ’ a n d  clean the hole. After 
b e n d i n g  t w o  c o m e r s  o f  the gasket to f o m i  levelling feet, the gasket w a s  repositioned 
o n  the b o t t o m  d i a m o n d  anvil in exactly the s a m e  orientation as in the initial
49
C hapter 3: Experimental Teclmiques
indentation. T h e  t w o  feet w e r e  glued o n  a diamond-retaining ring using a five-minute 
epoxy.
D u e  to the small dimensions o f  the D A C  s a m p l e  chamber, the samples w e r e  
thinned a n d  cleaved into small pieces. In all cases the samples w e r e  thinned d o w n  to 
- 7 0  p m  b y  mechanical lapping (grit 1000) o f  the substrates, followed b y  chemical 
polishing ( s o d i u m  hypochlorite, Cl or ox bleach) until the thickness w a s  
approximately 2 5  p m .  T h e s e  chiplike sp ec im en s w e r e  set inside the gasket hole 
using a single camel-hair to pick u p  a s a m p l e  b y  electrostatic attraction.
In the s a m e  w a y ,  several pieces o f  ru b y  w e r e  placed along side the s a m p l e  in 
the gasket hole for pressure calibration. T h e  wa ve le ng th o f  the r u b y  R I  fluorescence 
line has b e e n  accepted as the practical secondary standard for pressure calibration in 
D A C  experiments [8 ]. A t  r o o m  temperature a n d  ambient pressure, the R-lines of 
r u b y  consist o f  the doublet, R I  a n d  R 2  with wavelengths 6 9 4 4  A  a n d  6 9 2 7  A ,  
respectively. T h e  shift o f  the r u b y  R I  line as function o f  pressure at 3 0 0  IC is nearly 
linear over the range o f  0  to 3 0 0  kbar [8 ]. T h e  accepted value for the ru b y  Rl-line 
shift in this pressure range is 0.365 A  /kbar [9].
T h e  final c o m p o n e n t  to b e  inserted into the sa m p l e  c h a m b e r  (i.e. gasket hole) 
is the pressure-transmitting m e d i u m .  In our experiments the m e d i u m  w a s  a mixture 
o f  m e th an ol to ethanol 4:1 ratio. M o r e  detailed description o f  the alcohol filling 
procedure ca n  b e  f o un d in references [ 1 0 ,1 1 ].
T h e  optical arrangement for the high pressure P R  is very similar to the 
conventional P R  measurements. Spectrometer light w a s  directed through the gasket 
hole ( w he re the s a m p l e  sits). A  pin-hole w a s  us ed after the spectrometer exit slit to 
ensure that the focal spot w a s  slightly smaller than the sample, so as to m a x i m i s e  the 
signal-to-background ratio. T h e  laser w a s  also directed inside the gasket hole via a
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small prism (see figure 3.6). A  mi cr os co pe w a s  used at a specific angle opposite 
f r o m  a mirror that h a d  v i e w  inside the gasket hole in order to ensure proper 
alignment b e t w e e n  the laser b e a m  an d  the light f r o m  the spectrometer o n  the sample. 
Great care w a s  taken such that the detector w a s  collecting the reflection f r o m  only 
the sample. In order to d o  this part o f  the detector w a s  blocked b y  black tape an d  
only the w e a k e r  spot o f  the reflection w a s  detected (the reflection f r o m  the D A C  
include t w o  spots. T h e  brighter spot corresponded to the reflection f r o m  the front 
surface o f  the d i a m o n d ;  n o  information f r o m  the sa mp le reflectance is obtained f r o m  
this). T h e  schematic set-up o f  the high-pressure P R  apparatus is s h o w n  in figure 3.6.
Signal
Figure 3.6: Schematic set-up o f  high pressure P R  apparatus . 3 4
3 4 Drawn by Dr T. J. C. Hosea, Department of Physics, University of Surrey.
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3.5 Electromodulated (ER) spectroscopy
In recent times a non-destructive f o r m  o f  direct electro modulation, the contactless 
electroreflectance ( C E R )  technique [12], has b e c o m e  quite popular. In C E R  
m e a s u r e m e n t s  the s a m p l e  is placed b e t w e e n  the plates o f  a capacitor like 
arrangement, s h o w n  in figure 3.7, with a transparent conducting front electrode m a d e  
b y  depositing a conducting film o f  indium-tin-oxide (ITO) o n  glass. A  small ga p  
(-0.3 m m )  is left b e t w e e n  the front electrode a n d  the sample. If a voltage is applied 
o n  the front electrode m o s t  o f  it drops across the gap. Therefore in C E R  a very high 
alternating voltage (3.5 k V p p  m a x ,  f = 3 3 0  H z )  is applied o n  the front electrode, so 
that the fraction w h i c h  drops across the s a m p l e  is sufficient to m o d u l a t e  its surface 
field. H o w e v e r ,  in our experiments w e  fo un d that it w a s  easier to m o d u l a t e  the 
s a m p l e  b y  slightly touching the front electrode to the sample. In such cases, an 
alternating voltage of - 2 0 0  V p - p  w a s  enough.
T h e  optical arrangement (except for the absence of the p u m p  laser b e a m ,  a n d 
the scattered p u m p  b e a m - b l o c k i n g  filter), cooling arrangement a n d  detection 
electronics sy st em for the contactless E R  m e a s u r e m e n t s  w e r e  identical to that o f  P R  
experiments. T h e  n e w  parts in the set-up w e r e  the s a m p l e  holder ( s h o w n  in figure 
3.7) a n d  the high voltage source.
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Figure 3.7: S a m p l e  holder for E R  m e a s u r e m e n t s  [13].
T h e  high voltage w a s  obtained b y  first passing the output o f  the internal oscillator of 
the lock-in amplifier through a current booster an d  then amplifying it b y  a factor o f  
2 0 0  using a step-up transformer. In this case since the oscillator w a s  a part o f  the 
lock-in amplifier, so the reference signal w a s  provided internally. T h e  actual circuit 
for the high voltage source ca n b e  f o un d in detail elsewhere [3]. T h e  t w o  m a i n  
advantages o f  E R  c o m p a r e d  to P R  is that it can provide m o du la ti on without the 
limitation o f  a suitable laser a n d  the p r o b l e m  o f  P L  discussed before does not exist.
3.6 Reflectance (R)
F o r  bulk materials a n d  simple structures the reflectance response is usually 
uninteresting, typically s h o w i n g  broad b a c k g r o u n d  features a n d  only w e a k  
undistinguished C P  features. H o w e v e r ,  for structures like V C S E L s  (see figure 2.8) 
reflectance m e a s u r e m e n t s  can give important information for the design a n d  the 
g r o w t h  specifications.
53
C hapter 3: Experimental Techniques
In our P R  a n d  E R  me as ur em en ts , the reflectance spectra are m e a s u r e d  
simultaneously. T h e  experimental set-up is identical to that o f  the P R  an d  E R  
me as ur em en ts . H o w e v e r ,  for m a k i n g  d c  reflectance m e a s u r e m e n t s  alone, the laser 
a n d  the lock-in amplifier ca n  b e  r e m o v e d  (Note that in cases w h e r e  the R  signal is 
very w e a k  c h op pi ng the probe b e a m  a n d  using the lock-in amplifier can greatly 
i m p r o v e  the signal to noise ratio). T h e  signal received f r o m  the detector includes a 
factor Io(X) w h i c h  represents the spectral response o f  the detector a n d  the wa ve le ng th 
d e p e n d e n c e  intensity o f  the light source, gratings, lenses etc. T h e  tine reflectance 
spectra ca n b e  obtained after division o f  the parameter Io(A,) w h i c h  can b e  m e a s u r e d  
b y  r e m o v i n g  the s a m p l e  an d  m o v i n g  the detector in line with the pr ob e b e a m  such 
that takes direct m e a s u r e m e n t  o f  the incident pr ob e b e a m .
3.7 Photoluminescence (PL)
In photoluminescence (PL) spectroscopy a laser p u m p  b e a m  with energy greater than 
the b a n d  ga p  o f  the se miconductor un de r study is used to photo-excite electrons into 
high lying conduction bands. S o m e  o f  these earners quickly relax (typically o n  a 
picosecond time scale) to the available lowest energy states near the b o t t o m  o f  the 
conduction b a n d  (CB). T h e r e  they r e c o m b i n e  radiatively with available states at the 
top o f  the valence b a n d  ( V B )  giving rise to a luminescence sp ec tr um that is 
characteristic o f  the sample. T h e  radiative recombination m a y  occur b e t w e e n  
c o n t i n u u m  states in the C B  an d  the V B  a n d  in that case ca n b e  us ed to estimate the 
b a n d  g a p  o f  the material. H o w e v e r ,  recombination can occur b e t w e e n  defect levels 
a n d  c o n t i n u u m  states ( C B  to acceptor level, d o no r level to V B )  or b e t w e e n  defects 
levels (donor to acceptor). In case o f  Q W  structures the lowest confined levels are
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involved a n d  P L  has also b e e n  us e d  to characterise such structures [14]. T h e  process 
o f  recombination o f  the photo-generated carriers occurs both via radiative a n d  non- 
radiative processes, the latter being e n h a n c e d  at high temperatures. F o r  this reason 
P L  m e a s u r e m e n t s  usually require cooling the sample.
P L  m e a s u r e m e n t s  ca n  b e  p e rf or me d using the s a m e  set u p  as P R  
m e a s u r e m e n t s  (figure 3.3). T h e  white light source has to b e  r e m o v e d  f r o m  the front 
e n d  o f  the spectrometer a n d  replaced b y  suitable detector. T h u s  the spectrometer w a s  
us e d  in reverse, with P L  emission focused to the detector after passing through the 
spectrometer (this set-up is similar to E L  s h o w n  in figure 3.8).
3.8 Electroluminesence (EL)
P L  m e a s u r e m e n t s  are non-destructive* (in general ev e n  large sa mp le s d o  not require 
cleaving unless o n e  n e e d  to use a cryostat for l o w  temperature studies) an d  h a v e  b e e n  
extensively u s e d  in industry to characterise semiconductor optoelectronic devices. 
H o w e v e r ,  P L  has several drawbacks: the s a m p l e  usually needs to b e  cooled to get 
sufficient signals a n d  d u e  to the w i d e  range of active regions b a n d  gaps possible, 
excitation lasers o f  different wavelengths are needed. E v e n  so the m e a s u r e m e n t s  m a y  
b e  impossible if the laser is appreciably absorbed in a n y  n a r r o w  b a n d  gaps 
overlayers. Since m o s t  device stinctures h a v e  a p-n junction at the active region, E L  
ca n in principle give the s a m e  information as P L  e v e n  a b o v e  r o o m  temperature. 
H o w e v e r  E L  usually requires deposition o f  metallic electrodes onto the sa m p l e  
surface m a k i n g  the technique destructive.
* By the term “non-destructive” we mean that one can still fabricate a working device from the same 
piece of wafer after the optical measurements were performed.
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H e r e  w e  describe after reference [5] non-destructive E L  me as ur em en ts . T h e  
sa m p l e  holder is similar with the o n e  used for E R  m e a s u r e m e n t s  (see figure 3.7). 
This arrangement allows m e a s u r e m e n t s  o f  E L  f r o m  the front o f  the sa m p l e  surface. 
H o w e v e r ,  the e d g e  o f  the sa m p l e  is still accessible allowing detection o f  E L  signal in 
this direction. W e  will see in chapter 5 h o w  such E L  m e a s u r e m e n t s  can b e  used to 
characterise V C S E L  wafers. T h e  experimental set u p  is s h o w n  in figure 3.8. N o t e  
that the voltage applied to the sa m p l e  is in the range of 10 V p - p  so a conventional 
voltage source can b e  used.
S a m p l e  in 
holder
C u
I T O  coated 
glass electrode
777- Voltage source
Ref.
in
Sigq^i 
in • -
L o c k  in amplifier
C o m p u t e r
Figure 3.8: Experimental set-up for E L  me asurements.
electrode Spectrometer
Lenses Polariser
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3.9 Summary
T o  conclude, all the spectroscopic m e t h o d s  used in this thesis h a v e  b e e n  described in 
this chapter. In chapter 4, P R  m e a s u r e m e n t s  as a function o f  temperature a n d  
pressure will b e  presented in order to a n s w e r  fundamental questions related to 
G a l n N A s  M Q W  structures. In the s a m e  chapter P L  m e a s u r e m e n t s  are us e d  in order 
to confirm s o m e  o f  our P R  measurements. In chapter 5 w e  p e rf or m P R  
m e a s u r e m e n t s  as a function o f  position across a V C S E L  wafer. In chapter 6  
temperature dependent P R  studies are perf or me d o n  the s a m e  V C S E L  wa fe r studied 
in chapter 5. B o t h  w a y s  ca n b e  us ed for a full non-destructive g r o w t h  
characterisation. Front a n d  e d g e  emission E L  m e a s u r e m e n t s  are again used o n  
V C S E L s  to confirm our results f r o m  P R .  In chapter 7 w e  use temperature de pe nd en t 
E R  m e a s u r e m e n t s  to study the b a n d  structure o f  a n e w  G a l n N A s  V C S E L  suitable for
1.3 p m  emission. P R  m e a s u r e m e n t s  w e r e  not possible here m a i n l y  because o f  the 
difficulty in finding a suitable laser. T h e  advantages o f  E R  m e a s u r e m e n t s  in such 
cases is clearly s h o w n  in this chapter.
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Chapter 4
I n f l u e n c e  o f  N  o n  t h e  B a n d  S t r u c t u r e  o f  
G a l n N A s / G a A s  M Q W  S t r u c t u r e s
4. 1  I n t r o d u c t i o n
T h e  efficient operation o f  semiconductor devices de pe nd s critically o n  their exact 
electronic b a n d  structure as revi ew ed in chapter 2. It has b e e n  fo u n d  recently that the 
substitution o f  the group V  element in gr ou p III-V c o m p o u n d s  with small a m o u n t s  o f  
nitrogen leads to a dramatic c h a n g e  o f  the electronic properties, offering a n e w  w a y  
o f  band-structure engineering w h i c h  can b e  used to i m p r o v e  optoelectronic 
properties. G a l n N A s  is the m o s t  pr om in en t m e m b e r  o f  this class o f  alloys. A d d i n g  N  
to G a A s  leads to tensile strain while adding In leads to compressive strain. 
Consequently an appropriate mixture o f  N  a n d  In leads to G a l n N A s  lattice m a t c h e d  
to G a A s ,  offering the ability o f  using well k n o w n  G a A s  technology for near I R  lasers 
a n d  also enables the production o f  monolithic vertical-cavity surface-emitting lasers 
( V C S E L s ) .  H o w e v e r ,  this n e w  material has u n c o m m o n  physical properties. 
Understanding these properties is the first step to building superior optoelectonic 
devices. M o d u l a t i o n  spectroscopy has b e e n  extensively used as an important tool for 
fundamental studies o f  semiconductors. In this chapter w e  will use p h o t o m o d u l a t e d
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reflectance (PR) m e a s u r e m e n t s  an d  a n  appropriate theoretical m o d e l  in order to 
understand the electronic structure o f  device relevant G a l n N A s  multiple q u a n t u m  
well ( M Q W )  structures.
4 . 2  G a l n N A s :  A  N o v e l  M a t e r i a l  f o r  L o n g - W a v e l e n g t h
S e m i c o n d u c t o r  L a s e r s .
It has b e e n  discovered recently that replacement o f  the c o l u m n  V  elements 
with nitrogen leads to a dramatic ch a n g e  in the electronic structure o f  the 
conventional III-V c o m p o u n d s .  In this n e w  class o f  III-N-V se miconductor alloys, 
modification in the b a n d  structure is achieved b y  N  forming localised states w h i c h  
interacting with the conduction b a n d  ed g e  o f  the host semiconductor. T h e  interaction 
splits the conduction b a n d  into t w o  sub-bands an d  leads to various unusual properties 
o f  this alloy c o m p a r e d  to standard III-V alloys: (1) the incorporation o f  small 
concentrations o f  N  into G a l n A s  results in a large red shift o f  the direct b a n d  ga p  
( m o r e  than 18 0  m e V  per atomic percent o f  N )  [1], ( 2  ) the formation o f  a n  additional 
higher conduction b a n d  is induced b y  N  concentrations >0.2 %  [2,3,4]. T h e  optical 
transition (usually called E+) f r o m  the higher conduction b a n d  to valence b a n d  has 
already b e e n  observed experimentally b y  P R  m e a s u r e m e n t s  in G a l n N A s  thick alloys
[2,3], ( 3 ) the electon effective m a s s  increase as a result o f  the interaction b e t w e e n  
the N  state a n d  the conduction b a n d  ed g e  [5,6,7].
In reaching these findings, the use o f  high-pressure m e a s u r e m e n t s  has b e e n  a 
k e y  factor. B e c a u s e  the localised N-states h a v e  m u c h  w e a k e r  pressure d e p e n d e n c e  
c o m p a r e d  to the extended conduction b a n d  states, hydrostatic pressure can c h a n g e 
the location o f  the N-states relative to the conduction b a n d  edge.
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This class o f  alloys is o f  great interest for optoelectronic devices. Fig 4.1 
s h o w s  the relationship b e t w e e n  the lattice constant an d b a n d g a p  energy in III-V alloy 
semiconductors including G a l n N A s  [8 ]. Conventional alloy semiconductors, w h i c h  
lie in the shaded area in Figure 4.1, h a v e  the tendency toward increasing b a n d g a p
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4-5 5.0 5.5 6.0 6.5
Lattice Constant ( A )
F i g u r e  4.1: T h e  relationship b e t w e e n  the lattice constant energy in III-V alloy 
semiconductors [8 ]. In the figure, G a N A s  with negative b a nd -g ap is sh o w n .  This 
m e a n s  that G a N A s  can b e  a metal or semiconductor de pe nd in g o n  the N  content. 
H o w e v e r  there is n o  experimental report o n  this p h e n o m e n o n  to date.
energy with decreasing lattice constant. This is not the case for III-N-V alloys. 
A d d i n g  N  to G a A s  (up until f e w  percent o f  N )  causes a m o n o t o n i c  decrease in the 
b a n d  ga p  energy rather than an increase toward that o f  cubic G a N  (3.2 eV). Since the
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III-N-V alloy semiconductors h a v e  the property in w h i c h  decreasing lattice constant 
decreases the bandgap, they can e x p a n d  the area o f  III-V alloy se miconductor in Fig
4.1 a n d  significantly increase f r e e d o m  in designing semiconductor devices. G a l n N A s  
is the m o s t  prom in en t m e m b e r  o f  the alloy class, in w h i c h  the ability o f  N-alloying to 
offset the compressive strain d u e  to In, while decreasing the bandgap, holds great 
p r o m i s e  for i m p r o v e d  1.33 a n d  1 . 5 p m  lasers suitable for telecommunications 
applications.
N o t e  that since laser devices are generally ba se d o n  M Q W  structures, the 
effects o f  N  o n  the electronic structure o f  M Q W s  are m o r e  interesting for industrial 
applications than in bulk Gai-yInyN xAsi-x. H o w e v e r ,  prior pressure w o r k  o n  this 
s y st em has dealt ma in ly with bulk epilayers[2,3]. G i v e n  the importance o f  pressure 
for probing N-alloying, w e  employ, here, high-pressure a n d  low-temperature P R  
studies to understand the m o r e  c o m p l e x  behaviour in device-relevant 
Gai-yInyN xAsi-x/ G a A s  ( 0 < x < 2 . 7 % )  M Q W s .  It is s h o w n  that the results are well 
explained using a 10-band k.p Hamiltonian that our theoretical gr ou p in Surrey has 
recently developed [9,10,11].
4 . 3  E x p e r i m e n t a l  D e t a i l s
W e  studied five Gai_yInyN xAsi.x/ G a A s  M Q W  samples, with In ar ou nd 3 0  %  
a n d  N  compositions varying f r o m  0 to 4.3 %  (as a rule of t h u m b  1 %  o f  N  correlates 
to 2.8 %  o f  In so our five samples are compressively-strained). T h e y  w e r e  g r o w n  at 
M a r b u r g  b y  metal-organic v a p o u r  phase epitaxy ( M O V P E )  o n  buffered, semi- 
insulating G a A s  (001) substrates, a n d  w e r e  characterised at M a r b u r g  b y  standard X -  
ray rocking curve a n d  transmission electron m i cr os co py [12]. T h e  compositions an d
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structural parameters are given in Table 4.1. S a m p l e  1 (N-fiee) has five Q W s ,  while 
all the other samples h a v e  three Q W s .  Figure 4.2 s h o w s  the schematic representation 
of  the samples. Pressure a n d  temperature dependent studies w e r e  p e rf or me d o n  all of 
the a b o v e  samples except the last o n e  containing 4.3 %  N .  T h e  P R  spectra for this 
highest-concentration (4.3 %  N )  s a m p l e  w e r e  very broad (see figure 4.4) an d  
consequently m e a s u r e m e n t s  as a function o f  pressure a n d  temperature w o u l d  b e  
difficult to interpret. N o t e  also that the N  content of samples 3 a n d  4  w e r e  very 
similar (2.5 a n d  2.7 % )  so in order to c o m p a r e  our pressure results as a function o f  N  
content only the s a m p l e  with 2.5 %  N  w a s  us e d  since the quality o f  its P R  spectra 
w a s  better at high pressures.
.3 or 5 
reps
GaAs 
buffer 
250 nm
GaAs (001) 
Substrate 20 
pm  
thick
Gai-yInyN xAsi_x
Figure 4.2: Sche ma ti c representation o f  the s a m p l e  structure.
Sample In-conc(%) N-conc ( % ) well
width(nm)Lw
barrier 
width(nm) Lb
1 +  - x 2 5  +  2 0 13.5+0.5 93+0.5
X1+
r
t 3 2  +  2 0.3+0.1 14.6+0.5 13+0.5
+ I X 2 8  +  2 2.5+0.3 8.9+0.5 10+0.5
X1+
*
3 1 + 2 2.7+0.4 13.6+0.5 13+0.5
5 + 3 0  +  2 4.3+0.5 11.6+0.5 13+0.5
+ Room temperature study only, — studied as a function of pressure, x studied as a function of temperature.
Table 4.1: C o mp os it io ns a n d  structural parameters for the samples studied.
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T h e  pressure experiments w e r e  earned out at 300IC using a standard diamond-anvil 
cell ( D A C )  with 4:1 methanol: ethanol as the hydrostatic m e d i u m .  After thinning the 
substrates b y  mechanical a n d  chemical polishing, specimens, ~ 1 5 0 x l 5 0 x 2 0 | i i m 3 in 
size, w e r e  cleaved f r o m  the source wafers (see chapter 3 for m o r e  details). T h e  
experiments w e r e  veiy difficult a n d  for all the samples averaging scans lasting u p  to 
15 hours w e r e  used. T h e  D A C  pressure w a s  calibrated b y  using both the ruby 
photoluminescence (PL) technique, a n d  the non-linear shift o f  the G a A s  bandgap, as 
moni to re d using the P R  signal of the s a m p l e s ’ barrier/cap layers. T h e  t w o  m e t h o d s  
w e r e  in very g o o d  agreement, but the G a A s - b a s e d  calibration is m o r e  precise a n d  w a s  
u s e d  as the principal pressure g a u g e  [13].
In the P R  experiments, the s a m p l e  reflectivity w a s  m e a s u r e d  using a single­
grating 0 . 5 m  m o n o c h r o m a t o r  a n d  1 0 0 W  tungsten lamp, and, d e pe nd in g o n  the 
wavelength, either I n G a A s  or Si detectors. Periodic perturbation w a s  provided b y  
either a H e - N e  (633 n m  emission line) or H e - C d  (441 m n  emission line) laser. T h e  
laser w a s  mechanically c h o p p e d  (at a frequency o f  3 3 3 H z )  a n d  the resulting 
m o d u l a t e d  reflectance, A R ,  m e a s u r e d  using standard lock-in amplifier a n d  c o m p u t e r  
processing techniques [14].
T h e  temperature-dependent P R  experiments w e r e  carried out at am bi en t 
pressure using a Ciyophysics cryostat with 360° pa n o r a m i c  w i n d o w  to vary the 
s a m p l e  temperature b e t w e e n  - 1 0 K  a n d  - 3 2 5 K  in intervals o f  typically 10K. P L  
m e a s u r e m e n t s  as a function o f  temperature w e r e  also pe r f o r m e d  in order to confirm 
our observations for the temperature d e p e n d e n c e  behaviour o f  the effective b a n d  g a p  
f r o m  P R  measurements. M o r e  detailed descriptions for P R  m e a s u r e m e n t s  as a 
function o f  pressure a n d  temperature ca n b e  f o un d in chapter 3.
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4 . 4  T h e o r e t i c a l  M o d e l
T h e  k.p a n d  envelope function m e t h o d s  are widely applied to study III-V 
semiconductor Q W  structures a n d  alloys. H o w e v e r ,  in the case o f  III-N-V alloys the 
strong interaction b e t w e e n  the N  resonant states a n d  conduction b a n d  e d g e  m e a n s  
that the conventional envelope function m e t h o d  cannot b e  applied to G a l n N A s  
heterostructures. Therefore, our theoretical group introduced a modified k.p m o d e l  
w h i c h  explicitly includes interactions with the N  resonant states. N o t e  also that for 
calculating bandstracture properties o f  laser devices “ cruder” k.p-like m o d e l s  o f  the 
b a n d  structure o f  the N-containing alloys are m o r e  convenient. T h e  calculations 
presented in this chapter w e r e  p e r f o r m e d  b y  the theoretical group at Surrey5,1, after 
r e c o m m e n d a t i o n  b y  the author. It is useful to s u m m a r i s e  t h e m  here in order to 
describe better the effect o f  N  o n  the b a n d  structure o f  G a l n N A s / G a A s  M Q W
Figure 4.3: Sc he ma ti c representation o f  the N-level a n d  G a l n A s  conduction b a n d  
edge.
51 The calculations were performed by Dr M. Kamal-Saadi and Dr S. Tomic
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T h e  Q W  confined-state energies, a n d  their pressure a n d  temperature dependencies,
AA
w e r e  calculated using a 10-band k.p Hamiltonian, comprising the highest valence 
b a n d s  [(VB), i.e., h e a v y  hole, light hole a n d  spin-split-off] a n d  lowest conduction 
b a n d  ( C B )  at T  -  each doubly degenerate, a n d  t w o  additional states associated with 
the spin-degenerate nitrogen resonant levels. This Ha miltonian structure has b e e n  
justified b y  c o m p a r i s o n  with tight-binding supercell calculations a n d  has also b e e n  
applied to c o m p a r e  the gain characteristics o f  1.3 p m  G a l n N A s  Q W  laser structures. 
F o r  k=0, the conduction ba n d s  are situated at E c, the light a n d  h e a v y  hole b a n d s  
located at E v a n d  the spin-orbit split-off b a n d s  are at E v-A. T h e  N-states are located at 
E n  a b o v e  E c (see figure 4.3). In this model, the energy of the nitrogen resonant level, 
E n  a n d  o f  the host C B  a n d  V B  e d g e  energies, E c an d  E v, all decrease linearly with 
increasing N  composition, x  (En-ccx, E c-yx a n d  E v-kx), while the interaction b e t w e e n  
resonant states a n d  C B  e d g e  varies as V NC=  P x 1/2. T h e  m o d e l  a s s u m e s  that the N  
related states are not interacting directly with the V B  states. Furthermore, the spin- 
orbit splitting is a s s u m e d  to b e  independent of nitrogen content in a g re em en t with 
experimental results [2,3]. T h e  parameters En, a, |3, y, k  w e r e  determined b y  
c o m p a r i n g  the Hami lt on ia n structure with alternative tight-binding supercell 
calculations [10]. In our studies o f  Gai.yInyNxAsi.x/ G a A s  M Q W s  the a b o v e  
parameters w e r e  taken us, E n = 0 . 4 8 5  e V  a b o v e  the C B ,  a = 1 . 5  e V / %  o f  N ,  [3=1.675 
eV, a n d  y=ic=3.5 e V / %  o f  N .  W e  will see in the final experimental chapter that 
different configurations b e t w e e n  the N  a n d  its closest neighbours can give five total 
values for the N-level a n d  the interaction b e t w e e n  resonant states a n d  C B  e d g e  (Vnc)- 
H o w e v e r  in order to simplify the present calculations an average value for Vnc w a s
Chapter 4: Influence o f N  on the Band Structure o f GalnNAs/GaAs MOW Structures.
us e d  a n d  w e  follow only b r oa d transitions over the full range o f  pressures. Analytical 
discussion about this intrinsic property of G a l n N A s  will b e  given in chapter 7.
4.5 Results
T h e  P R  spectra at am bi en t pressure a n d  r o o m  temperature for the five 
samples are s h o w n  in figure 4.4.
E n e r g y  [ e V ]
F i g u r e  4.4: Photoreflectance spectra for five Gai-yInyAsi_xN x/ G a A s  M Q W  samples 
u n de r a m bi en t conditions. T h e  arrows indicate the effective b a n d  g a p  for each 
sample. T h e  percentage o f  N  composition is also s h o w n  o n  the right side o f  the plot.
6 8
Chapter 4: Influence o f  N  on the Band Structure o f GalnNAs/GaAs MOW Structures.
T h e  spectral features are considerably b r oa de ne d a n d  w e a k e n e d  with increasing 
nitrogen-content indicating increasing inhomogeneity in the Q W  layers. This 
observation suggests that M O V P E  g r o w t h  o f  g o o d  quality epitaxial material with N  
concentrations greater than 5 %  m a y  b e  difficult to achieve. T h e  feature at 1.42 e V  
arises f r o m  the G a A s  cap layer a n d  barriers of each sample. A t  lo we r energies several 
Q W  transitions ca n  b e  identified in the spectra an d  fitted using the standard lineshape 
function o f  A s p n e s  (see equation 2.9). T h e  arrows in each spectrum correspond to the 
g r o u n d  state Q W  transition (effective b a n d  gap). T h e  position o f  this g r o u n d  state 
transition s h o w s  a strong red shift with increasing N  concentration. This is similar to 
the result o f  m e a s u r e m e n t s  d o n e  o n  thick Gai_yInyN xAsi_x epilayers [2,3]. In contrast 
to those, a careful examination o f  the region at higher energy in our M Q W  samples 
did not reveal evidence for the N-like (E+) transition found in the prior w o r k  o n  bu lk­
like Gai_yInyN xAsi.x alloys [2,3]. A  possible reason for the absence o f  the E +  state is 
the fact that in these Gai_yInyN xAsi-x/ G a A s  M Q W s  the E +  state is not confined, a n d  
as a result, the E +  oscillator strength is w e a k e n e d  b y  small overlap b e t w e e n  the 
wavefunctions o f  the N-like state a n d  the confined hole levels.
Figures 4.5, 4.6 a n d  4.7 s h o w  e x am pl es of m o d u l a t e d  reflectance spectra 
(open circles) a n d  fits (solid curves) at pressures in the range f r o m  1 a t m  to 8 6  kbar 
for N  compositions o f  0  % ,  0.3 %  a n d  2.5 %  respectively. T h e  best quality data w e r e  
observed for 0 %  N .  T h e  N-content samples yielded similar quality data.
69
Chapter 4\ Influence o f N  on the Band Structure o f GalnNAs/GaAs MQW Structures.
Energy (eV)
F i g u r e  4.5: E x a m p l e s  o f  pressure-dependent mo d u l a t e d  reflectance spectra (circles 
a n d  da sh ed lines) for the Gai-yInyN xAsi-x/ G a A s  M Q W  samples with N = 0  % ,  a n d  fits 
(full curves) using the m o d e l  described in the text for the hydrostatic pressures 
indicated.
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E n e r g y  ( e V )
F i g u r e  4.6: E x a m p l e s  o f  pressure-dependent m o d u l a t e d  reflectance spectra (circles 
a n d  da sh ed lines) for the Gai-yI % N xAsi.x/ G a A s  M Q W  samples with N =  0.3%, an d  
fits (full curves) using the m o d e l  described in the text for the hydrostatic pressures 
indicated.
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E n e r g y  ( e V )
F i g u r e  4.7: E x a m p l e s  o f  pressure-dependent mo d u l a t e d  reflectance spectra (circles 
a n d  da sh ed lines) for the Gai_yInyN xAsi.x/ G a A s  M Q W  s a m p l e  with N  =  2. 5% , a n d 
fits using the m o d e l  described in the text (lull curves) for the hydrostatic pressures 
indicated.
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All the spectral features m o v e  to higher energy with increasing pressure. Their 
pressure d e p e n d e n c e  is related to both feature- an d  sa mple-dependent differences, as 
discussed below. T h e s e  M Q W  samples exhibit features w h i c h  h a v e  T-like character 
transitions. Th e r e  w e r e  n o  clear P R  features w h o s e  pressure shifts indicated X -  or L- 
character. T h e  G a A s  feature in all the samples w a s  visible u p  to ~ 5 5  kbar ( s o m e w h a t  
a b o v e  the G a A s  T - X  crossover: h o w e v e r  the crossover pressure varied in the 
samples, de pe nd in g o n  the N  content), after w h i c h  the ru by P L  shift w a s  us e d  to 
m e a s u r e  the pressure. In order to ascertain better the identities a n d  pressure-shifts of 
the P R  features, the spectra w e r e  fitted with a standard multi-oscillator P R  lineshape 
expression (see chapter 2 ) to obtain both transition energies a n d  broadening 
parameters. F o r  S a m p l e  1 (0 %  N), four oscillators w e r e  us ed to yield a n  adequate fit 
at all pressures. Fo r  S a m p l e s  2  a n d  3, three-oscillators w e r e  sufficient. It is clear (see 
figures 4.5, 4.6 a n d  4.7) that the P R  spectra generally b r o a d e n e d  with increasing 
pressure. Thus, in order to determine the pressure variations o f  the observed 
transitions, w e  adopted an iterative procedure w h i c h  sought a reasonable c o m p r o m i s e  
b e t w e e n  the pressure d e p e n d e n c e  o f  the transition energies obtained f r o m  the fits to 
the P R  spectra, a n d  those f o u n d  b y  plotting the P R  p e a k  a n d  trough positions as 
functions o f  pressure. T h e  best c o m p r o m i s e  linear a n d  quadratic pressure coefficients 
are listed in Table 4.2; the solid curves in figures 4.5, 4.6 a n d  4.7 s h o w  the 
corresponding lineshape fits using A s p n e s  T D F F  with m = 3  (see equation 2.9) for 
samples 1,2,3.
O u r  assignments (see Table 4.2) o f  these oscillators to optical transitions 
within the Q W  follow f r o m  calculations using the 10-band k.p Hamiltonian. F o r
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assigned f r o m  the theoretical m o d e l  as the eihhi, e2h h 2, ejlhi a n d  e 3h h 3 Q W  
transitions. This assignment w a s  a n  iterative procedure b e t w e e n  experimental fitting 
analysis a n d  theory, a n d  w a s  f o un d very useful for readjusting s o m e  o f  the variable 
parameters in the theoretical calculation. O u r  assignments in Ta bl e 4.2 for s a m p l e  1 
are also consistent with prior w o r k  o n  N-free Gai_yInyA s  Q W s  [15,16]. Figure 4.8 
s h o w s  the experimental solid circles a n d  theoretical solid lines behaviour o f  the four 
m a i n  transitions (eihhi, e 2h h 2 , efihi, a n d  e 3h h 3) o f  the 0 %  N  sample.
In samples 2  a n d  3, the introduction o f  N  leads to an increased C B  effective 
mass, a n d  h e n c e  reduced C B  confined-state energies. H o w e v e r ,  in addition, the k.p 
calculations s h o w  that the variations o f  spatial confinement a n d  m i s m a t c h  strain in 
our samples m a k e  significant contributions to determining the final transition 
energies (ejhlii, eihh3, efihj for s a m p l e  2  a n d  eihhi, efihi, e i - V B  for s a m p l e  3). Fo r  
example, the s o m e w h a t  narrower well width in S a m p l e  3 (see Ta bl e 4.2), mo de ra te s 
the effect o f  the N - i n d u c e d  increase in electron effective m a s s  (the na rr ow er well 
shifts the energy levels up). N o t e  that w e  assign the third oscillator in figure 4.10 to a 
cross-interface transition b e t w e e n  el a n d  the barrier’s V B  edge. This oscillator could 
also b e  attributed to other nominally forbidden transitions (as often observed in PR), 
su ch as ei-lh3 or e 2-lhi, but these are less likely. In fact, the spectra in this region 
m i g h t  well contain a mixture o f  e t- V B  a n d  other overlapping oscillators. T h e  
assignments in Table 4.2 are ba se d o n  the best m a t c h  b e t w e e n  the calculated 
transition energies a n d  the observed oscillators over the full pressure range o f  our 
experiments as s h o w n  in figure 4.9 for s a m p l e  2  an d  figure 4.10 for s a m p l e  3.
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P r e s s u r e  ( k b a r )
F i g u r e  4.8: Pressure d e p e n d e n c e  o f  fitted Q W  transition energies (filled circles) for 
the Gai_yInyN xAsi-x/ G a A s  M Q W  s a m p l e  with N  =  0 %  (from the fits s h o w n  in fig
4.5). U p p e r m o s t  data s h o w  G a A s  direct b a n d g a p  ( E 0). C u r v e s  s h o w  behaviour for 
preferred assignments f r o m  1 0 -band k.p theory.
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P r e s s u r e  ( k b a r )
F i g u r e  4.9: Pressure d e p e n d e n c e  o f  fitted Q W  transition energies (filled circles) for 
the Gai.yInyNx As i_x/ G a A s  M Q W  s a m p l e  with N  =  0 . 3 %  (from the fits s h o w n  in fig
4.6). U p p e r m o s t  data s h o w  G a A s  direct b a n d g a p  (E0). Cu r v e s  s h o w  behaviour for 
preferred assignments f r o m  1 0 -band k.p theoiy.
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P r e s s u r e  ( k b a r )
F i g u r e  4.10: Pressure d e p e n d e n c e  o f  fitted Q W  transition energies (filled circles) for 
the Gai.yInyN xAsi.x/ G a A s  M Q W  s a m p l e  with N  =  2 . 5 %  (from the fits s h o w n  in fig
4.7). U p p e r m o s t  data s h o w  G a A s  direct b a n d g a p  (E0). Cu r v e s  s h o w  behaviour for 
preferred assigmnents f r o m  1 0 -band k.p theoiy.
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Fo r  the temperature-dependent studies (at 1 atm), die P R  spectra w e r e  
analysed a n d  fitted in a similar fashion to that described above, in order to obtain the 
Varshni coefficients for the observed Q W  transitions. Figure 4.11 s h o w s  e x a m p l e s 
for temperature dependent P R  data for s a m p l e  3 (2.5 %  N )  a n d  the quality o f  the 
fitting procedure.
"Nt-
■o
tt
tt
0 . 8  0 . 9  1 . 0  1.1
E n e r g y  ( e V )
1 .2 1 .3
F i g u r e  4.11: E x a m p l e s  o f  temperature-dependent m o d u l a t e d  reflectance spectra 
(circles) for the Gai-yInyN xAsi-x/GaAs M Q W  samples with N =  2 . 5 % ,  a n d  fits (solid 
curves).
7 8
C hapter 4: Influence o f  N  on the Band Structure o f  GalnNAs/GaAs MOW Structures.
T e m p e r a t u r e  (IC)
F i g u r e  4.12: Te m p e r a t u r e  d e p e n d e n c e  o f  fitted Q W  transition energies for the 
Gai-yInyN xAsi_x/ G a A s  M Q W  with x  =  0.3%. T h e  curves correspond to the Varshni 
behaviour for the three m a i n  transitions within the M Q W s .  U p p e r  curve s h o w s  G a A s  
Eo-transition. Inset s h o w s  P R  spectra at three temperatures. A r r o w s  s h o w  fitted Q W  
transition energies.
Figure 4.12 s u m m a r i s e s  the temperature-variation results for S a m p l e  2 (0.3 %  
N). T h e  solid circles give the final (best c o m p r o m i s e )  experimental oscillator 
energies, while the curves are calculated using the Varshni expression (see equation
3.1), with the coefficients a v a n d  p v listed in Table 4.2. W i t h i n  experimental 
uncertainty, w e  find that a v a n d  p v are virtually the s a m e  for all transitions for a given 
sample. He nc e, average Varshni coefficients, both o f  w h i c h  increases with N  content 
w e r e  taken. B y  comparison, the accepted Varshni coefficients for G a A s  are a v =
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(5.1+0.5) x l O ' 4 e V / K  a n d  p v =  ( 1 90 +8 2) K ,  so that the lack o f  variation seen in table
4.2 is not surprising [16]. T h e  Varshni parameters in table 4.2 indicate that the total 
shift b e t w e e n  0  a n d  3 0 0  K  drops f r o m  ~  87 m e V  for x = 0  to - 7 6  m e V  for x =  2.5 % .
Table 4.2
Summary of the three samples studied, showing the structural information for the 
Gai.yInyNxAsi.x/GaAs MQWs: nitrogen and indium content; well width (+ v) and; barrier width (Lb), 
and the results from fitting the associated PR spectra. The first column gives our preferred assignments 
of the observed transitions based on the 10-band k.p calculations. The next three columns represent 
the observed experimental pressure dependence (at 300 K) of QW transition energies: E (P)=E0 +aP + 
bP2, where a  and b are linear and quadratic pressure coefficients, respectively. Note, these quadratic 
fits are not shown in figs 4.8, 4.9 and 4.10. The last three columns give the results for the temperature 
dependence (at 1 atm) of the same transitions, in terms of the Varshni parameters: 
E (T) = E0 - a vT2/(pv+ T).
Sample 1 0 %  N, 25 ±  (<2%) In, L w=13.5 ±  0.5nm, L b=93.0 ±  0.5
Assignment 
based on 
calculations
E0(eV) 
latm, 300IC 
±0.015
a
(eV/kbar)
±0.5
b
(eV/kbar2)
±2.0x10°
Eo(eV) 
latm, 10K 
±0.015
a v
(eV/K)
±0.6x10°
Pv
(K)
±70
eyhh j 1.296 11.4 x 10'3 -5.1 x 10° — — • —
e i-lh i 1.229 11.1 x 10° -4.4 x 10° — — —
e2-hh2 1.200 10.5 x 10° -3.6 x 10° 1.280 4.8x10"° 198
erh h j 1.134 10.4 x 10° -3.2 x 10° 1.214 4.8X10-4 198
Sample 2 0.3 ±  0.1% N, 32 ± 2 %  In, L w=14.6 ±  0.5nm, L b=13.0 ±  0.5nm
Assignment 
based on 
calculations
E(eV) 
latm, 300K 
±0.015
a
(eV/kbaij
±0.5
b
(eV/kbar2)
±2.0x10°
Eo(eV) 
latm, 10K 
±0.015
a v
(eV/K)
±0.6x10°
Pv
(K)
±70
e,4h , 1.138 8.4 x 10° -2.9 x 10° 1.231 5.6x10° 286
e t-hh37 1.066 8.5 x 10° -2.9 x 10° 1.158 5.6x10° 286
ej-hh] 1.034 8.5 x 10° -4.0 x 10° 1.112 5.6x10"4 286
Sample 3 2.5 ±  0.3% N, 28 ±  2 %  In, L w=8.9 ±  0.5nm, L b=10.0 ±  0.5nm
Assignment 
based on 
calculations
E(eV) 
latm, 300K 
±0.015
a
(eV/kbaij
±0.5
b
(eV/kbar2)
±2.0x10°
Eo(eV) 
latm, 10K 
±0.015
Oty
(eV/K)
±0.6x10°
Pv
(K)
±70
ej-Vb 1.149 6.5 x 10° -1.8 x 10° 1.233 5.7x10° 370
er lhi 1.043 7.3 x 10° -2.6 x 10° 1.120 5.7x10° 370
ei-hhj 0.941 7.8 x 10° -2.7 x 10° 1.010 5.7x10° 370
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4.6 Matching Experiment with Theory
B y  m a t c h i n g  the Q W  transition energies obtained f r o m  P R  m e a s u r e m e n t s  as a 
function o f  pressure at r o o m  temperature with our theoretical m o d e l  (as s h o w n  b y  the 
curves in figures 4.8, 4.9 a n d  4.10) w e  are able to give predictions about the effect o f  
N  o n  the electron effective m a s s  a n d  C B  offset as a function o f  pressure. This kind 
o f  infonnation is very important not only for determining the effect o f  N  o n  the 
electronic b a n d  structure o f  the Q W  structures but also for device relevant 
applications.
T h e  effect o f  the interaction b e t w e e n  C B  states an d  the N-resonant b a n d  is clear 
in our pressure a n d  temperature results. In order to confirm that the total variation o f  
the observed Q W  transition energies b e t w e e n  0 a n d  3 0 0  K  is slightly reduced b y  N -  
content w e  also analysed our results using the Bose-Einstein expression (see equation
3.2) a n d  further P L  m e a s u r e m e n t s  in order to confirm the temperature d e p e n d e n c e  o f  
the effective b a n d  gap. N o t e  that, as far as fitting the experimental results as a 
function o f  temperature is concerned, the Varshni expression is quite unruly a n d  ca n 
give less reliable fitting results than if the m o r e  well-behaved Bose-Einstein 
expression is used. Furthermore the Varshni equation is actually an empirical 
expression [17] in contrast to the Bose-Einstein expression [18] w h o s e  the 
parameters h a v e  a m o r e  physical m e a n i n g  (see chapter 2). F r o m  the Bose-Einstein 
fits w e  get a total shift f r o m  0-300 K  o f  ~ 8 4  m e V  for the 0 %  N  sample, a n d  ~ 8 3  
m e V ,  ~ 7 3  m e V  a n d  - 7 1  m e V  for 0.3 % ,  2.5 %  an d  2.7 %  samples respectively (see 
table 4.3). T h e  effect o f  N  o n  the temperature-induced shift o f  the absorption e d g e  
w a s  reduced b y  12 %  in G a l n N A s  bu lk alloys with N = 1 . 5  %  [19] a n d  b y  4 0  %  in 
G a N A s  bulk alloys with N > 1 %  [20]. W e  can conclude that adding N  to G a l n A s
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structures slightly reduces the total temperature variation o f  the effective band-gap. 
N o t e  that the effect o f  the l o w  temperature an d  high pressure o n  the samples is 
similar since in both cases the C B  e d g e  m o v e s  closer to the N-level.
S a m p l e E B(eV) a B ( m e V ) ©  (IC) A E  (0-30 0 K )
1 1 . 2 1 2 35.53 183.19 84
2 1.146 44.99 219.84 83
3 1.011 48.76 253.40 73
4 1.078 61.33 301.65 71
T a b l e  4.3: Results for the temperature d e p e n d e n c e  (at 1 atm) in tenns o f  the Bose- 
Einstein expression (see equation 3.2) a n d  the total shift f r o m  0- 30 0 K  for the four 
s a mp le s studied.
F o r  the pressure results: the linear pressure coefficients a  (from the quadratic 
u s e d  to fit our experimental results) s h o w n  in Table 4.2, exhibit variations for 
different transitions within the s a m e  sample. In the N-free S a m p l e  1, e 3 -hh 3 has a 
substantially larger linear pressure coefficient than ei-hhi. This arises f r o m  increased 
barrier penetration o f  higher-energy wavefunctions, w h i c h  increases the pressure 
coefficient because the bulk G a A s  direct b a n d g a p  shifts faster with pressure than the 
bulk Gai-ylrtyAs b a n d g a p  [15, 16, 21]. This is confirmed b y  the calculations, w h i c h  
fit very well the observed pressure d e p e n d e n c e  o f  the transitions in S a m p l e  1 (see fig
4.8).
B y  analysing the high-pressure results as a function o f  N  content, important 
information ca n b e  d e d u c e d  for the effect o f  N  in the b a n d  structure o f  this alloy. T h e  
detailed behaviour in the Q W s  with N-content f r o m  0- 2.5 %  is considered m o r e  fully 
in Figure 4.13, w h i c h  is a plot of the ground-state transition energy against pressure 
for these three samples with different N-content. T h e  points represent the 
experimental Q W  ground-state transition energies. T h e  solid curves s h o w  the
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calculated d e p e n d e n c e  for the transitions using Surrey’s 10-band k.p model. W e  see 
that the calculated ej-hhi energies for all the samples are in close a g re em en t with our 
experimental pressure results. T h e  difference in the b o w i n g  b e t w e e n  0  %  N  s a m p l e  
j  a n d  N  content samples ca n b e  well explained b y  including a nitrogen resonant level 
interacting with the C B  m i n i m u m  in the calculations.
>
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F i g u r e  4.13: Pressure d e p e n d e n c e  o f  fitted ground-state Q W  transition energies 
(filled circles) for the Gai_yInyN xAsi.x/ G a A s  M Q W  with x = 0 ,  0.3 a n d  2 . 5 %  N). 
C u r v e s  s h o w  behaviour o f  the g r o u n d  state transition o f  each s a m p l e  f r o m  10- ba nd 
k.p theoiy.
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F o r  S a m p l e s  2 a n d  3 the presence o f  N  causes an overall decrease in the linear 
pressure coefficient a  (Table 4.2). This decrease is substantially stronger for the 2 . 5 %  
N  alloy than for 0 . 3 %  N .  This is fully consistent with previous results o n  bulk-like 
Gai-yInyN xAsi-x films [2,3]. Overall, the calculated pressure variation o f  the 
transition energies agrees well with experiment in figures 4.8, 4.9, 4.10 a n d  4.13. 
H o w e v e r  w e  are unable to distinguish experimentally a n y  N-related trends in the 
quadratic pressure coefficients b  o f  the Q W  transitions. This s e e m s  surprising, given 
the substantial non-linearity in the influence of N  o n  the b a n d g a p  o f  bulk 
Gai-yInyN xAsi-x [2,3]. H o w e v e r ,  it m a y  b e  d u e  to pressure-dependent changes in 
confinement a n d  lattice mism at ch , w h i c h  c o m p e t e  with the N-interaction b y  
m o d i f y i n g  the b a n d  offsets a n d  hh-lh splitting at high pressure. S u c h  modifications 
h a v e  b e e n  studied in ternary Gai_yInyA s / G a A s  M Q W s  an d  other systems [22,23].
Table 4.2 also s h o w s  that the linear pressure coefficients a  for the different 
Q W  states are m u c h  larger c o m p a r e d  to that of the highly-localised N  states (the 
pressure d e p e n d e n c e  o f  the N  level w a s  taken as d E / d P =  2 . 5 m e V / k b a r  in the 
theoretical calculations). A s  a result the different Q W  states shift towards the 
nitrogen level u n d e r  pressure a n d  the interaction b e t w e e n  confined Q W  states a n d  bi- 
like localised states increases. A l t h o u g h  the a b o v e  general statement w a s  the m a i n  
factor in their calculations, in order to m o d e l  the exact behaviour o f  the pressure 
d e p e n d e n c e  o f  the several Q W  transitions, parameters such as confinement, nitrogen 
content, effective m a s s  a n d  m i s m a t c h  strain w e r e  included.
T h e  electron effective m a s s  a n d  C B  offset are the k e y  parameters for 
quantifying the strength o f  the interaction b e t w e e n  N  states a n d  C B  states as a
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function o f  N  content a n d  pressure. W e  w e r e  able to determine the a b o v e  parameters 
b y  m a t c h i n g  the experimental results o n  these Q W  samples with the 10-band k.p 
m o d e l  (see figures 4.8, 4.9, 4.10 a n d  4.13).
T h e  values o f  electron effective m a s s  w e r e  determined b y  m a t c h i n g  the 
theoretical m o d e l  with our experiment results (see figure 4.13). O u r  results indicate 
a n  increases electron effective m a s s  d u e  to the presence o f  the interaction b e t w e e n  N  
like states a n d  the extended C B  states, w h i c h  increases as a function o f  N  a n d  
pressure. Figure 4.14 s h o w s  the resulting electron effective m a s s  behaviour for the 
g r o u n d  state transition as a function o f  pressure for 2.5 a n d  0.3 %  N  samples. T h e  
theoretical gr ou p at Surrey us e d  the density o f  states effective m a s s  formula for 
calculating the in plane g r o u n d  state electron effective m a s s  at k = 0  [24]:
1 1 dE^ky )
m*u h 2k n dk„ k„-0
(1)
In order to s h o w  the effect o f  N  m o r e  clearly, the electron effective m a s s  as a 
function o f  pressure for 0 %  N  is also plotted in the fig 4.14 ( N  a n d  In %  taken f r o m  
Table 4.1 according to g r o w e r  estimation).
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F i g u r e  4.14: Electron effective m a s s  as a function o f  pressure for 0  an d  0.3 a n d  2.5 
%  N  samples, d e d u c e d  f r o m  the k.p fits to experimental data in fig 4.13.
In order to explain these results w e  n e e d  to consider t w o  different effects o n  the 
electron effective mass. First, the decrease in the effective b a n d g a p  with increasing 
N-content reduces the effective mass. Second, the repulsive interaction b e t w e e n  the 
conduction b a n d  ed g e  a n d  the nitrogen resonant states increases the effective mass. 
F o r  0.3 %  N  the electron effective m a s s  at ambient pressure is 0.053 m o  a n d  increases 
to 0.055 m o  for the 0  %  N  sample. Considering equivalent b a n d g a p  material without 
N ,  the drop o f  the effective m a s s  w o u l d  b e  m u c h  higher, but the effect o f  N  
incorporation (N = 0 . 3  %  in this case) increases the effective mass. T h e  result is 
clearer for 2.5 %  N :  the effective m a s s  increases to 0.057 m o  since the high percent o f  
N  in this s a m p l e  m a k e s  the effect o f  the interaction b e t w e e n  die N-state a n d  C B  state 
m o r e  important. T h e  effect o f  the interaction b e t w e e n  C B  ed g e  a n d  N-like states 
b e c o m e s  d o m i n a n t  with higher pressures: the electron effective m a s s  increases as a 
function o f  pressure. T h e  electron effective m a s s  rises m u c h  higher for the N  
containing samples. A g a i n  the electron effective m a s s  for 2.5 %  N  s a m p l e  is larger
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c o m p a r e d  to 0.3 %  N  s a m p l e  because the interaction with the N  level is stronger for 
the higher N  content sample.
Similar considerations can b e  m a d e  b y  considering the effect o f  N  o n  the C B  
off set (see figure 4.15) as a function of pressure.
E n e r g y V NC
E-t-
N-level
A
CB-offset 
of Ga l n A s
V
A
V
Effect of N  
o n  the 
conduction 
band off-set
F i g u r e  4.15: Sc he ma ti c representation of the effect o f  N  o n  the conduction b a n d  off­
set.
P r e s s u r e  [ k b a r ]
F i g u r e  4.16: Effect o f  N  o n  the conduction b a n d  offset us a function o f  pressure for 
0, 0.3 a n d  2.5 %  N  samples (with In %  indicated b y  the g r o w e r  in table 4.1) as 
d e d u c e d  f r o m  fitting k.p theoiy to the experimental results in Figs. 4.8, 4.9 a n d  4.10.
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Figure 4.16 s h o w s  the effect o f  N  o n  the C B  offset as a function o f  pressure 
for 0 %  N ,  0.3 %  N  a n d  2.5 %  N .  T h e  b a n d  offset for the 0  %  N  s a m p l e  increases 
f r o m  0.215 e V  at am bi en t pressure to 0.311 e V  at 7 0  kbar as a result o f  different 
pressure coefficients b e t w e e n  the G a A s  barriers an d  the G a l n A s  Q W .  A s  N  is a d d e d  
the effect o f  the interaction b e t w e e n  C B  ed ge an d  N-like state increases the band- 
offset values. F o r  0.3 %  N  the b a n d  offset rises f r o m  0.275 e V  at r o o m  pressure to 
0.525 e V  at 7 0  kbar. F o r  2.5 %  N  the effect is stronger, rising f r o m  0.332 e V  at r o o m  
pressure, to 0.623 e V  at 7 0  kbar.
Content of N [%]
F i g u r e  4.17: T h e  curve is the calculated conduction b a n d  off-set as a function o f  N  
content for am bi en t pressure at r o o m  temperature, f r o m  0-2.5 %  N ,  with 3 0  %  In. 
T h e  points are the values for conduction b a n d  off set for the sa mp le s studied (N =0 , 
0. 3 a n d  2.5 %). T h e  error bars indicate the uncertainty o n  N  a n d  In concentration in 
g r o w e r ’s composition (see table 4.1).
Figure 4.17 s h o w s  the calculated C B  offset of G a I n N xAsi_x/ G a A s  M Q W s  as a 
function o f  N  concentration for the three samples studied (points in the graph) at
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r o o m  temperature an d  am bi en t pressure. T h e  error bars indicate the uncertainty in 
g r o w e r ’s composition (see Ta bl e 4.1). T h e  solid curve is the theoretical prediction of  
the effect o f  N  o n  the C B  offset with I n = 3 0  % ,  a n d  N  varying f r o m  0 to 2.5 % .
T h e  effect o f  N  o n  the offset ratio is estimated to c h a n g e  f r o m  0.248 e V  to 
0.344 e V  as the N  concentration varies f r o m  0 %  to 2.5%. T h e  a b o v e  results o n  
device relevant Gai.yInyN xAsi.x/ G a A s  Q W  structures are veiy important for 
optoelectronic applications. T h e  increase in the electron effective m a s s  [7] could b e  a 
benefit for semiconductor laser devices w h e r e  the ideal b a n d  structure is predicted to 
h a v e  equal conduction a n d  valence b a n d  m a s s e s  [25,26,27]. Fu rthermore a deeper 
C B  well helps prevent thermal loss o f  electrons, w h i c h  is w h y  I n G a A l A s  lasers are 
thought to pe rf or m better than I n G a A s P  lasers [28]. O u r  results suggest that 
Gai-yInyN xAsi.x/ G a A s  based lasers are likely to o v e r c o m e  the p o o r  temperature 
characteristics o f  conventional long-wavelength laser diodes. Lasers s h o w i n g  a 
significant i m p r o v e m e n t  in the temperature de p e n d e n c e  o f  the threshold current h a v e  
already b e e n  reported, in g o o d  a g re em en t with our results [29,30].
4.7 Co n c l u s i o n s
In s u m m a r y ,  detailed P R  experiments an d  theoiy h a v e  b e e n  us ed to p r ob e the 
pressure a n d  temperature d e p e n d e n c e  o f  electron a n d  hole confinement in 
Gai-yInyN xAsi_x/ G a A s  for 0 <  x  <  2.7%. O u r  r o o m  temperature 1 a t m  results as a 
function o f  N  content confirmed the dramatic reduction in the effective b a n d  ga p  o f  
Gai.yInyN xAsi.x/ G a A s  Q W  with small N  incorporation. O u r  observation o f  increasing 
broadening with addition o f  N  suggest that incorporation o f  high %  o f  N  can degrade 
the g r o w t h  quality o f  the layers.
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A c c o r d i n g  to our pressure results the linear pressure coefficients o f  the 
observed e-hh a n d  e-lh transition energies d e p e n d  strongly o n  x, decreasing 
significantly c o m p a r e d  to the N-ffee case, in accord with k.p theoiy. T h e  m e a s u r e d  
quadratic pressure coefficients d o  not dependent o n  x, contrary to experimental 
results for G a l n N A s  thick layers. T h e  total variation o f  the observed Q W  transition 
energies b e t w e e n  0  a n d  3 0 0  K  is slightly reduced b y  N-incorporation.
B y  m a t c h i n g  our experimental results with theoiy, the effect o f  N  o n  the g r o u n d  
state electron effective m a s s  a n d  conduction h a n d  off-set o f  Gai_yInyN xA s  i_x/ G a A s  
q u a n t u m  wells ca n b e  predicted. T h e  effect o f  N  o n  the electronic structure o f 
G a l n N A s / G a A s  M Q W s  is clear: as pressure is increased the N-level a n d  C B  ed g e  
b e c o m e  closer a n d  the interaction b e t w e e n  t h e m  increases. A s  a result the g r o u n d  
state electron effective m a s s  a n d  the conduction b a n d  off-set both generally increase 
with pressure a n d  increasing N  content.
90
C hapter 4\ Influence o f N  on the Band Structure o f GalnNAs/GaAs MOW Structures.
4 . 8  R e f e r e n c e s
[1] J. D. Perkins, A. Mascarenhas, Y .  Zh a n g ,  J. F. Geisz, D. J. Friedman, J. M .  O l s o n  
a n d  S. R. Kurtz, Phys. Rev. Lett., 82, 3 3 1 2  (1999).
[2] W .  Shan, W .  Wa lu ki ew ic z, J.W. Ager, E.E. Haller, J.F. Geisz, D.J. Friedman, 
J.M. O l s o n  a n d  S.R. Kurtz, Phys. Rev. Lett. 82, 1221 (1999).
[3] W .  Shan, W .  Wa lu ki ew ic z, J.W. Ager, E.E. Haller, J.F. Geisz, D.J. Friedman, 
J.M. O l s o n  a n d  S.R. Kurtz, J. Appl. Phys. 8 6 , 2 3 4 9  (1999).
[4] P.J. Klar, H. Gruning, W .  Heimbrodt, J. K o c h ,  F. Hohnsdorf, W .  Stolz, P. M .  A. 
Vicente a n d  J. Camassel, Appl. Phys. Lett., 76, 3 4 3 9  (2000).
[5] E. D .  Jones, N .  A. M o d i n e ,  A. A. Allennan, S. R. Kurtz, A. F. Wright, S. T. 
T o z e r  a n d  X .  W e i ,  S P I E  Proc., 52, 35 2 1  (1999).
[6 ] E. D .  Jones, N .  A. M o d i n e ,  A. A .  Allerman, S. R. Kurtz, A. F. Wright, S. T. 
T o z e r  a n d  X. W e i ,  Phys. Rev. B, 60, 4430, (1999).
[7] C. Skierbiszewski, P. Perlin, P. Wisniewski, W .  K n a p ,  T. Suski, W .
Wa lu ki ew ic z, W .  Shan, IC . M .  Y u ,  J. W .  Ager, E. E. Haller, J. F. Geisz a n d  J. M .  
Olson, Appl. Phys. Lett. 76, 2409, (2000).
[8 ] M .  IC on do w, K .  U o m i ,  A .  N i w a ,  T. Kitatani, S. Watahiki, a n d  Y .  Y a z a w a ,  Jpn. J. 
Appl. Phys. 35, 1273 (1996).
[9] A .  L i nd sa y a n d  E. P. O ’Reilly, Solid State C o m m u n .  112, 4 4 3  (1999).
[10] E. P. O ’Reilly a n d  A. Lindsay, phys. stat. sol. (b) 216, 131 (1999).
[11] J. Hader, S. K o c h ,  J.V. M o l o n e y  a n d  E.P. O ’Reilly, Appl. Phys. Lett. 77, 630, 
(2000).
[12] W .  Stoltz, private co mm un ic at io n.
91
[13] V . A .  Wilkinson, A . D .  Prins, J.D. L a m b k i n ,  E.P. O ’Reilly, D.J. Dunstan, L.IC. 
H o w a r d  a n d  M . T .  E m e n y ,  Phys. Rev. B, 42, 3 1 1 3  (1990).
[14] P.J. Klar, G. R o w l a n d ,  T.E. Sale, T.J.C. H o s e a  a n d  R. Grey, phys. stat. sol. (a), 
170, 145 (1998).
[15] W .  Shan, X . M .  Fang, D .  Li, S. Jiang, S.C. Shen, H . Q .  H o u ,  W .  F e n g  a n d  J.M. 
Z h o u ,  Phys. Rev. B, 43, 1 4 6 1 5  (1991).
[16] G . H .  Li, A. R .  Goni, K .  Syassen, H . Q .  H o u ,  W .  F e n g  a n d  J.M. Zh o u ,  Phys. Rev. 
B, 54, 13 82 0( 19 96 ).
[17] Y. P. Varshni, Physica, 34,149, (1967).
[18] P. Lautenschlager, M .  G a n i g a  a n d  M .  Cardona, P h y s  R e v  B, 36, 4813, (1987).
[19] P.Perlin, S. G. S u b r a m a n y a ,  D. E. Mars, J. Kruger, N .  A. Shapiro, H .  Siegle a n d  
E. R, W e b e r ,  Appl. Phys. Lett. 73, 3 7 0 3  (1998).
[20] H. Uesugi, I. S u e m u n e ,  T. Hasegava, T. Akutagava, a n d  T. N a k a m u r a ,  Appl. 
Phys. Lett. 76, 12 85 (2000).
[21] B. A .  Weinstein a n d  R. Zallen, in L i g h t  S c a t t e r i n g  in  S o l i d s  I V ,  ed. b y  M .  
C a r d o n a  a n d  G. Guntherodt (Springer, Berlin, 1984), p. 463.
[22] V . A .  Wilkinson, A . D .  Prins, J.D. L a m b k i n ,  E.P. O ’Reilly, D.J. Dunstan, L.IC. 
H o w a r d  an d  M . T .  E m e n y ,  Phys. Rev. B, 42, 3 1 1 3  (1990).
[23] J.L.Sly a n d  D.J. Dunstan, Phys. Rev. B, 53, 10 1 1 6  (1996).
[24] S. T o m i c  a n d  E. P. O ’Reilly, accepted Physica E, (2001).
[25] A. R. A d a m s ,  Electron Lett. 22, 249, (1986).
[26] E. P. O ’Reilly, S e mi co nd . Sci. Technol., 4, 121 (1989).
[27] E. P. O ’Reilly a n d  A .  R. A d a m s ,  I E E E  Jour. Quant. Elect., 30, 3 6 6  (1994).
Chapter 4:_____________ Influence o f  N  on the Band Structure o f GalnNAs/GaAs MOW Structures.
92
C hapter 4: Influence o f  N  on the Band Structure o f GalnNAs/GaAs MOW Structures.
[28] S. J. S w e e n e y ,  A. An dr ee v, A .  R. A d a m s ,  T. Higashi, T. U c h i d a  a n d  T. Fujii, 
“ I m p r o v e d  Pe r f o r m a n c e  o f  1.3 p m  A l G a l n A s  Se mi co nd uc to r Lasers D u e  to Increased 
C o n d u c t i o n  B a n d  Offset -  Experimental a n d  Theoretical Investigations” C o n d e n s e d  
Matter a n d  Materials Physics Conference, Bristol, D e c e m b e r  2000.
[29] I. S u e m u n e ,  IC. Uesugi, W .  Walukiewicz, Appl. Phys. Lett., 77, 30 21 (2000).
[30] M .  a n d  T. Tanaka, Jpn. J. Appl.Phys.,Part 2  38, L1 3 5 5 ,  (1999). ICon do w, T. 
ICitatani, IC. N a k a h a r a
93
Chapter 5: Growth Characterisation Study o f InxGal-xAs/GaAs/AlAs/AlGaAs Vertical-Cavity
Surface-Emitting Laser Structure Using Photomodulated Reflectance.
Chapter 5
G r o w t h  C h a r a c t e r i s a t i o n  s t u d y  o f  
I n x G a i _ x A s / G a A s / A l A s / A l G a A s  V e r t i c a l - C a v i t y  
S u r f a c e - E m i t t i n g  L a s e r  S t r u c t u r e  U s i n g  
P h o t o m o d u l a t e d  R e f l e c t a n c e .
5. 1 I n t r o d u c t i o n
In the previous chapter w e  s h o w e d  h o w  modulation spectroscopy can b e  u s e d  to 
investigate novel materials. In this chapter w e  extend the application o f  the technique 
b y  characterising laser structures. W e  investigate a n e w  type o f  semiconductor laser 
k n o w n  as vertical-cavity surface-emitting laser ( V C S E L )  using ph o t o m o d u l a t e d  
reflectance (PR), conventional normalised reflectance (R) a n d  electroluminesence 
( E L) me asurements. O n e  o f  the m o s t  important aspects for developing V C S E L s  is to 
b e  able to control the epitaxial growth, as in these structures the required tolerances
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are particularly d e ma nd in g. W e  will s h o w  h o w  modulation spectroscopy in the f o r m  
o f  P R  could b e  u s e d  to mo ni to r the g r o w t h  o f  such structures. B y  detecting all the 
Q W  transitions within the active region a n d  c o m p a r i n g  the m e a s u r e d  a n d  predicted 
energies w e  ca n provide m u c h  information about the Q W  cavity a n d  growth. O u r  
observations extend the application o f  modulation spectroscopy f r o m  a fundamental 
research tool as w e  s h o w  in chapter 4  to unique non-destructive technique with 
potential for characterising V C S E L  wafers within production environment.
5 . 2  B a c k g r o u n d  I n f o r m a t i o n
Electronic confinement in low-dimensional structures has b e e n  wi d e l y  us e d 
to tailor materials for e n h a n c e d  optical a n d  electronic properties as re vi ew ed in 
chapter 2. H o w e v e r  for complete control o f  the emission properties, the c o n t i n u u m  o f  
p h o t o n  states that normally exists m u s t  also b e  controlled. This can b e  achieved b y  
co nfinement of photons in microcavities. T h e  vertical-cavity surface-emitting laser 
( V C S E L )  is a novel type o f  semiconductor laser w h i c h  uses bo th o f  the a b o v e  
concepts. T h e  basic V C S E L  is a multilayer Fabry-Perot (FP) structure consisting of 
a n  active cavity region with e m b e d d e d  q u a n t u m  wells ( Q W s )  surrounded b y  t w o  
high-reflectivity distributed B r a g g  reflector ( D B R )  mirrors. T h e  resulting F P  cavity 
structure supports a single longitudinal optical standing w a v e  called the cavity m o d e  
( C M ) ,  w h i c h  results in a sharp dip in the reflectance spectrum, ideally near the centre 
o f  the high reflectivity stop b a n d  o f  the D B R s  (see figure 2.8). This n e w  structure 
gives lasing characteristics w h i c h  are fundamentally different f r o m  those o f  
conventional ed g e  emitting lasers with a horizontal stripe cavity: properties such as
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single longitudinal m o d e  operation, small b e a m  divergence, l o w  threshold current, 
ease o f  fabrication a n d  on-wafer testing [1 ,2 ].
T h e  p e rf or ma nc e o f  the actual V C S E L  device d e pe nd s strongly o n  the degree 
o f  overlap b e t w e e n  the gain spectrum o f  the active Q W  layers a n d  the C M  o f  the 
Fabry-Perot structured,4,5]. T h e  extent to w h i c h  these features are in resonance 
strongly influences the threshold current density, the p o w e r  output a n d  the 
temperature dependence. V C S E L s  can contain hundreds o f  layers, a n d  in order to 
achieve the a b o v e  requirements the g r o w t h  rate needs to b e  controlled to better than 
- 1 % ,  w h i c h  is m u c h  tighter than for conventional laser structures, w h e r e  5 - 1 0 %  
thickness tolerances are acceptable [6 ]. Fo r  a conventional edge-emitting laser, a 1 %  
error in the thickness o f  the epitaxial layers m a y  lead to only a -0.5 m n  c h a n g e  in 
emission wavelength, w h e r e a s  for V C S E L s  the shift could b e  as m u c h  as -8.5 n m
[7]. He n c e ,  a non-destructive, possibly in - s it u , characterisation o f  V C S E L  wafers is 
absolutely essential prior to full processing, in order to c h ec k that structures h a v e  
b e e n  g r o w n  to specification. H o w e v e r ,  the gr o u n d  state a n d  m o s t  o f  the higher order 
Q W  transitions usually lie in the energy range o f  the high reflectance stop band. Fo r 
this reason conventional spectroscopic m e a s u r e m e n t s  can not give a n y  information 
about the Q W  at the device operating temperature. F o r  example, ordinary reflectance 
(R) spectroscopy ca n mo ni to r the central F P  cavity dip. H o w e v e r ,  the Q W  transitions 
are not no rm al ly detectable in R  at 3 0 0  IC a n d  so the technique is not practicable for 
checking the degree o f  m i s m a t c h  b e t w e e n  the Q W  ground-state transition a n d  the 
cavity m o d e ;  p o o r  alignment o f  the t w o  is the m a i n  reason that s o m e  V C S E L s  h a v e  
po o r  performance.
It has recently b e e n  s h o w n  that P R  is unique in being able to detect, in a n o n ­
destructive fashion, both the C M  a n d  the Q W  ground-state transition at r o o m
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temperature in V C S E L s  [8,9], a n d  thus the degree to w h i c h  the g r o w t h  process has 
achieved the desired alignment o f  the two. Furthermore, previous w o r k  at Surrey has 
s h o w n  that the P R  signal is strongly enhanced, a n d  thus easiest to detect, w h e n  the 
cavity m o d e  a n d  Q W  transitions are in resonance [10,11].
In this chapter w e  e m p l o y  P R  a n d  R  to characterise an a s -g ro wn  
InxGai_xA s / G a A s / A l A s  V C S E L  structure. Electroluminescence (E L) m e a s u r e m e n t s  
are also used, but only as a w a y  o f  corroborating the P R  results. P R  spectroscopy is 
u s e d  at r o o m  temperature to study the interaction b e t w e e n  the C M  a n d  all o f  the Q W  
transitions. This is possible because the C M  w a ve le ng th decreased b e t w e e n  the 
w a fe r centre a n d  edge, d u e  to g r o w t h  variations. T h e  P R  signal is strongly e n h a n c e d  
w h e n  the C M  a n d  a Q W  transition are in g o o d  alignment. W e  are able to investigate 
five distinct such resonances b e t w e e n  the C M  an d  the ground-state a n d  four other, 
higher-order, Q W  transitions. T h e  P R  gr ou p at Surrey h a v e  already de ve lo pe d a 
theoretical lineshape m o d e l  for the P R  mo du la ti on o f  the coupled cavity a n d  exciton 
m o d e s ,  based o n  energy de pe nd en t Seraphin coefficients [10,11] H e r e  w e  simplify 
a n d  extend the s a m e  m o d e l  to fit all the P R  spectra, an d  the resulting Q W  transition 
energies are then c o m p a r e d  with those predicted b y  a theoretical m o d e l  w h i c h  
includes excitonic binding energy effects. B y  c o m p a r i n g  the positions o f  m e a s u r e d  
transition energies with those predicted theoretically, important information about 
the active region ca n b e  obtained, such as well width, composition, strain, b a n d  offset 
a n d  s a m p l e  quality.
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5 . 3  S a m p l e  D e t a i l s
T h e  s a m p l e  studied here is nominally an Ino.2 5Gao.7 5A s / G a A s / A l A s / A l G a A s  
V C S E L  structure designed for operation at A M  p m .  It w a s  g r o w n  b y  solid-source 
molecular b e a m  epitaxy ( M B E )  o n  a (100) G a A s  n +  substrate. Details o f  the g r o w t h  
are given elsewhere [3,12].
T h e  n o m i n a l  structure consists o f  2 7 8  layers an d  it has overall thickness o f  ~ 8  
p m .  T h e  u n d o p e d  cavity region comprises a compressively-strained 85 A  
Ino.2 5Gao.7 5A s  single Q W  centred in a G a A s  cavity, o f  optical path length -X, to 
coincide with the antinode o f  the cavity optical field. T h e  top D B R  is p-type with B e  
u s e d  as the dopant, a n d  consists o f  16 repeats of a set o f  multiple layers. T h e  
repeated set comprises four layers: G a A s ,  A l A s  layers separated b y  t w o  thinner 
layers o f  Alo.3 Gao.7A s  a n d  Alo.5 Gao.5As, each 1 0 0 A  thick. T h e s e  intermediate layers 
are included to reduce the resistivity o f  the stack without c o m p r o m i s i n g  the D B R ’s 
reflectivity. This is achieved b y  a combination o f  the mo dulation d o p i n g  in the D B R ,  
a n d  b y  the fact that these layers reduce the b a n d  offsets at the interfaces b e t w e e n  the 
G a A s  a n d  A l A s  layers [13,14].
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5 . 4  E x p e r i m e n t a l  D e t a i l s
A s  m e n t i o n  earlier there is a variation in material g r o w t h  thickness across the wafer, 
w h i c h  is a result o f  the g e o m e t r y  o f  the effusion cells us e d  in the M B E  reactor. T h e  
substrate is rotated during g r o w t h  so the variation is circularly s y m m e t r i c  a n d  has a 
roughly parabolic profile [3]. T h e s e  slight fluctuations in g r o w t h  conditions led to
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thickness variations o f  < - 1 2 %  over the full width o f  the wafer. W h i l e  this does not 
significantly affect the energy o f  the Q W  transitions, it does give rise to a significant 
s m o o t h  variation in the energy o f  the C M  across the sample. This w a s  particularly 
convenient for the present study as it m e a n t  that the degree o f  overlap b e t w e e n  the 
cavity a n d  exciton m o d e s  could b e  varied b y  probing different regions o f  the wafers. 
T h e  P R  a n d  R  experiments w e r e  e a rn ed out with the probe light at n o r m a l  incidence 
using a conventional arrangement described in chapter 3. T h e  s a m p l e  w a s  m o u n t e d  
o n  a mi c r o m e t e r  stage a n d  individual R  a n d  P R  spectra taken at various positions o n  
the s a m p l e  along a straight line running f r o m  the centre of the wa fe r to the edge. 
Position w a s  m e a s u r e d  in m m ,  the wa fe r e d g e  being near a m i c r o m e t e r  setting o f  4 5  
m m  a n d  m e a s u r e m e n t s  w e r e  taken at position intervals o f  typically 0.5 m m ,  t h o u g h  
in s o m e  regions smaller step sizes w e r e  chosen. M o d u l a t i o n  w a s  provided b y  a 
c h o p p e d  (333 Hz), 0.8 m W  H e N e  laser (A,=633 mn). T h e  spectral resolution w a s  ~1.5 
m e V  full wi dt h at half m a x i m u m  ( F W H M ) .
A s  a m e a n s  o f  confirming the Q W  ground-state transition energy m e a s u r e d  in 
the P R  spectra, the E L  spectrum o f  the as -g ro wn V C S E L  s a m p l e  w a s  also recorded 
at r o o m  temperature. A s  is well k n o w n ,  the V C S E L  E L  emitted in the forward 
direction, through the D B R s ,  rarely yields a n y  useful information as the Q W  
emission is heavily m o d u l a t e d  b y  the cavity mirrors, giving misleading d o m i n a n t  
features w h i c h  leak through the C M  or either side o f  the reflector stop-band, 
irrespective o f  the Q W  confined energies, a n d  so gives little clue as to the true Q W  
emission wavelength. H o w e v e r ,  the P R  group at Surrey recently developed the 
technique o f  observing edge-emitted E L  to give a m u c h  m o r e  reliable m e a s u r e  o f  the 
Q W  emission spectrum w h i c h  is unaffected b y  the D B R s  [15]. T o  pe rf or m this 
experiment, a piece about 4 m m  x  3 m m  w a s  cleaved out f r o m  a region o f  the wa fe r
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about half w a y  b e t w e e n  the centre a n d  the edge, an d  s a n d w i c h e d  gently b e t w e e n  t w o  
electrical contacts (one o f  w h i c h  w a s  c o m p o s e d  of a glass slide coated with indium- 
tin-oxide), as described in Chapter 3 a n d  reference [16]. T h e  s a m p l e  w a s  then excited 
with a sq ua re -w av e voltage ( - 7 V  amplitude) a n d  the E L  emitted f r o m  the cleaved 
e d g e  o f  die s a m p l e  analysed using a conventional monochromator/detector 
arrangement also described in chapter 3. T h e  instrumental resolution in this 
experiment w a s  ~ 6 m e V  ( F W H M ) .
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5 . 5  T h e o r y  o f  t h e  P R  L i n e s h a p e s
A c c o r d i n g  to Seraphin a n d  Bottka the P R  signal can b e  written as 14:
A R
—  = aAel +pAe2 (5.1)
R
1 d R  Q 1 d Ra  = ---------; p = --------  (5.2)
R d e 1 R d e 2
w h e r e  a  a n d  (3 are the Seraphin coefficients a n d  Ae/ a n d  Ae? are the modulation- 
induced changes o f  the c o m p l e x  dielectric function, e / +  i s j .  In general, for both bulk 
semiconductors a n d  individual layers in a heterostructure, o n e  finds that the Seraphin 
coefficients vary only w e a k l y  as a function o f  ph ot on energy E  a n d  are, therefore, 
usually a s s u m e d  to b e  constant in the vicinity o f  the critical points (CPs) o f  the b a n d  
structure, or near excitonic a n d  electronic transitions. Thus, in su ch cases the actual 
line shape o f  the P R  signal is determined b y  the line shapes o f  A s / a n d  A e 2 . T h e  
influence o f  a  a n d  P  o n  the P R  lineshape is generally o f  secondary importance; they 
alter the ratio o f  the contributions o f  Ae/ an d  A e 2 w h e n  for e x a m p l e  the angle o f
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incidence, is varied, a n d  thus provide the phase information in the P R  spectrum 
[10,11].
H o w e v e r ,  this simplification is not valid in V C S E L  structures: although for 
bulk semiconductors a n d  heterostructures the reflectance spec tr um is determined 
m a i n l y  b y  electronic a n d  excitonic features o f  the b a n d  structure, in the case o f  a 
V C S E L  structure the R  spectrum is deliberately engineered to p r o d u c e  the high 
reflectance stop b a n d  with the cavity dip in the centre o f  the stop b a n d  a n d  the 
interference hinges o n  either side. Fo r  this reason the R  sp ec tr um in the ease of 
V C S E L s  is d o m i n a t e d  b y  nonexcitonic features w h i c h  h a v e  counterparts in the 
corresponding P R  spectrum. T h e  Surrey P R  groups recently s h o w e d  that the 
Seraphin coefficients o f  the Q W  layers in a V C S E L  structure actually contain sharp 
features near the position o f  the C M  [10,11]; a  a n d  p  in the case o f  V C S E L s  ca n n o  
longer b e  considered as slowly varying functions of energy. This c a n  b e  understood 
as follows. F r o m  Equ. (5.2) for a, the modulation of the real part o f  the Q W  
dielectric function 8/ gives rise essentially to a mo dulation o f  the Q W  refractive 
index, w h i c h  modifies the optical thickness o f  the cavity. This in turn mo du la te s the 
en er gy position o f  the cavity dip in the reflectance spectrum, leading, therefore, to a 
first-derivative-like, or dispersive, line shape for the a  Seraphin coefficient (see the 
schematic representation figure 5.1, top plot).
O n  the other hand, for p  the modulation o f  s 2 modifies essentially the 
absorption in the cavity, w h i c h  modulates the depth o f  the C M  in the R  spectrum. 
This leads to an absorptive peak-like (or inverted peak) line shape for p  (see the 
schematic representation figure 5.1 b o t t o m  plot).
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Figure 5.1: Top plot: the modulation of the real part of the QW dielectric function s/ 
gives rise essentially to a modulation of the QW refractive index, which modifies the 
optical thickness of the cavity. This in turn modulates the energy position of the 
cavity dip in the reflectance spectrum, leading, therefore, to a first-derivative-like, or 
dispersive, line shape for the a Seraphin coefficient. Bottom plot: the modulation of 
e2 modifies essentially the absorption in the cavity, which modulates the depth of the 
cavity mode in the R spectrum. This leads to an absoiptive peak-like (or inverted 
peak) line shape for p.
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Previous studies at Surrey calculated the line shapes of a and (3 by numerically 
differentiating the VCSEL R spectrum with respect to e, where R was calculated 
using the usual Jones matrix method. They found that the dispersive and absorptive 
lineshapes could be approximated reasonably accurately by the real and imaginary 
parts of a complex Lorentzian, respectively [10,11] :
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where Ec and Tc are the energy position and half-width at half maximum (HWHM) 
of the CM, and a0 and (30 are amplitudes.
For the line shapes of As/ and Ae? of the QW exciton in Equ. (5.1) the model 
uses the conventional description for the modulated dielectric function based on 
Aspnes differential PR fitting function or TDFF [see equation 2.9 or reference 17].
where C  is an amplitude, 9 a phase, Eqw the CP transition energy, and Tqw a 
broadening factor. The TDFF is modified here to include an extra r"v term in the
numerator, which acts to reduce the negative correlation between C and Tqw in 
Aspnes original expression. It was found here that the fitted values obtained for Eqw 
did not depend crucially on the choice of n and in fact we used the value 2.5 
corresponding to a 3d CP, which represents somewhat of a compromise between the 
value 2 for excitons and 3 for 2d CP.
Examples of line shape fitting using this model on series of PR spectra of the 
resonances between QW excitons and the cavity mode have been discussed in some
(5.3)
(5.4)
(5.5)
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detail in earlier publications from our group [10,11]. From earlier studies in the same 
sample it was observed that the term Po in Equ. (5.4) is more than an order of the 
magnitude larger than oto in Equ.(5.3). This shows that the majority of the PR signal 
arises from the product of p and Ae2 and indicates that the laser modulates mostly the 
QW absoiption coefficient, rather than its refractive index. This is a reasonable result 
because a«0 at Ec while p is maximum (see figure 5.1). Thus in order to simplify the 
fitting to our results we used a new model that assumes ao = 0. This has the effect 
that the original Seraphin amplitude parameter po in Equ. (5.4) is effectively 
absorbed into the factor C in Equ. (5.5). So the new simplified model have seven 
freely varying parameters, which are; po, E c, Tc, C, Eqw, Tqw and 0. This simplified 
model was used to fit all the PR spectra.
According to this theoretical model of the combined cavity-mode/QW PR 
signal in VCSEL structures, the line shape is the product of two strongly energy- 
dependent profiles for p and As2, for the CM and the QW transition, respectively. 
This description departs markedly from the conventional PR models where energy- 
dependent line shapes are added, not multiplied. Thus, when the CM and a QW 
transition are far apart, the PR signal of the CM near Ec arises solely from the shaip 
feature of p centred at Ec multiplied by the slowly varying tail of the As2 exciton 
signal centred at Eqw, and vice versa for the PR signal of the exciton near Eqw. 
However close to the cavity/exciton resonance where Ec«Eqw, the multiplication of 
As2 by p gives rise to a strongly enhanced PR signal compared to the situation where 
the modes are not in resonance (see schematic representation in figure 5.2). This fact 
is of crucial importance to the application of the technique here.
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A s
P
Seraphin coefficient 
for aligned CM
Ec
Product
Strongly enhanced PR when the QW and the
Figure 5.2: Schematic representation of the resonance effect that occurs in the PR 
amplitude when the cavity/exciton are in close alignment Ec-Eqw. The multiplication 
of A£? by (3 gives rise to a strongly enhanced PR signal compared to the situation 
where the modes are not in resonance.
Note that in situations where several QW transitions were near to the CM feature, it 
was necessary to extend our model to include two QW oscillators. Equations (5.3) 
and (5.4) were still used to describe the Seraphin coefficients of the QW layers, but 
Equ (5.1) was amended to become:
AR
R
— P (A£2gJK(l) + A£2£W'(2)) (5.6)
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5.6 Quantum W ell M odel Calculations
The theoretical calculations for the QW confined states5'1, exciton binding 
energies 5 2 and quantum confinement stark effect (QCSE) 5 3 were performed by 
modifying programs already developed at Surrey.
A brief discussion about the physics behind these programs is given in the 
following paragraphs. The energies of the QW confined states were calculated using 
the effective mass formalism with the bulk valence band described by a three-band 
(heavy hole, light hole and spin-orbit split-off band) k.p Hamiltonian [18,19]. The 
conduction band (CB) confined states were assumed to be decoupled from the 
valence band (VB) states, an assumption which is valid due to the large band gaps of 
the materials studied here. The QW was assumed to be compressively strained to the 
GaAs lattice constant. The CB and heavy-hole VB discontinuities at the 
heterojunction interfaces (AEc and AEVHH, respectively) were calculated using model 
solid theory [20]; at the interface between the GaAs barrier and an Ino.29Gao.71 As 
QW, for instance, these were AZsc=161meV and AZq/^lOOmeV, respectively 
(corresponding to a CB offset ratio of Qc= (AEC/(AEC + A E yHH) = 62%). The 
material parameters for the InxGai_.vAs QW layer were obtained using the 
interpolation scheme of Krijn [21] which linearly interpolates the binary material 
values, given in Table 5.1, onto the ternary composition x, except for the band gap 
which also uses a ternary bowing parameter, C.
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Table 5.1: Binary material parameters used to calculate the transition and exciton 
binding energies in the InGaAs/GaAs QW of the VCSEL structure. All binary 
parameters are linearly interpolated onto the ternary composition of the InxGai_xAs, 
except the band gap Eg which uses the ternary bowing parameter C : 
Eg(x) = xEgInAs + (l-x)EgGaAs - Cx(l-x). The notation and the interpolation formulae 
are identical to those of Krijn [21].
Parameter InAs GaAs
Static relative dielectric permittivity sr(0) 15.15 12.85
o
Lattice constant a (A) 6.0583 5.6533
Band Gap Eg (eV) 0.360 1.424
Spin-Orbit Splitting Ao (eV) 0.37 0.34
Electron effective mass m e (m0) 0.023 0.067
Heavy-hole effective mass m/,/, (m0) 0.342 0.377
Light-hole effective mass mu, (m0) 0.025 0.068
Luttinger parameter y/ (mo"1) 19.67 6.85
Luttinger parameter y2 (mo'1) 8.37 2 .10
Average VB energy Ev,avg (eV) -6.68 -6.84
VB hydrostatic deformation potential av (eV) 1.00 1.16
CB hydrostatic defonnation potential ac (eV) -10.9 -8.00
Shear defonnation potential b (eV) - 1.8 -1.7
Elastic constant C// (1012 dyn cm"2) 0.83 1.18
Elastic constant Cn  (1012 dyn cm'2) 0.48 0.538
Ternary band gap bowing parameter C (eV) 0.45 (InGaAs)
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Electron and hole pairs can be formed after the absorption of a photon within 
a semiconductor. The electron and hole are bound together via a Coulomb attraction 
and are called excitons. In the case of 2-D systems excitonic effects can be dominant 
even at room temperature (see chapter 1) so in this experiment the calculated 
transition energies were corrected for the exciton binding energy Eb, using the 
fractional dimensionality approach [2 2 ]:
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where er is the static relative dielectric permittivity and a  the fractional 
dimensionality of the exciton with a reduced effective mass given by 
p = [ mff + yj ± (3 - a) y2]~! , where m e is the electron effective mass, y/ and y2 the 
Luttinger parameters, and the '+ ’ and ’ correspond to the cases of heavy and light 
holes, respectively. All parameters for the InxGai.xAs QW were calculated by linear 
interpolation between the material parameters in Table 5.1. The fractional 
dimensionality is given by :
where Lz is the QW width, and kbe and hi, the electron and hole evanescent envelope 
function decay constants in the barrier, given by /c# = [2mbj (Vj - Ej) f  / ti, where Vj, 
Ej and are the appropriate well depth, confinement energy, and barrier effective 
mass (j- e, hh or Ih), respectively. The effective Bohr radius of the exciton is given 
by aex (A) = 0.53 s r[ mff + yj J.
The magnitudes of the shifts in the QW transitions associated with the QCSE 
were then calculated separately using the transfer matrix/tunnelling resonance
(5.7)
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technique [23], assuming that the electric field is constant across the active region of 
the VCSEL.
We shall use the notation Qnhhm to denote the QW excitonic state formed by 
the nth confined electron state in the CB and the mth confined heavy-hole state in the 
VB. Due to the strain splitting in the QW of the present sample, there are no 
confined light-hole states [3].
5.7 Experimental Results and Discussion
Figure 5.3 depict the un-normalised R spectra at room temperature in the 
spectral region near the CM, as a function of probe beam position. In order to 
change the probe position on the sample, the sample mount was attached to a 
translational stage equipped with a micrometer calibrated in millimetres, as
mentioned earlier. The corresponding readings of the translational stage micrometer 
being shown (in mm) in figure 5.3.There are no clear features in R from which one 
can identify QW transitions. This is typical for such room temperature
measurements. Some indication of the ground state transition energy can be gleaned 
from a change in cavity depth with position; the dip is shallow when the cavity is 
below the ground state transition, but increases in depth when is near the resonance 
at 24 mm. The set of spectra shows that the energy of the cavity dip shifts smoothly 
with position as also indicated in Fig. 5.7; the variation is roughly parabolic, as 
mentioned earlier. The CM is near the desired position of 1.24eV (for 1 pm 
operation) only around the 33-35mm positions. However fabricating a device at this 
range of position on the wafer will not produce an operating device at room
temperature (we will discuss this point later). It may be noted that the width of the
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cavity dip also is smaller in the centre of the wafer compared to the edge. In fact its 
FWHM increases almost linearly with position, from about 5meV at 24mm to about 
lOmeV at 44mm (by FWHM here, we mean the width of the dip at half its maximum 
depth). This is because the variation of the CM energy is slower in the centre where 
the growth quality is better. The illuminated spot size on the sample influences the 
CM width. This is because the spot size of the monochromator on the sample detects 
a significant amount of the CM variation near the edge of the wafer compared with 
measurements near the centre of the wafer.
Energy (eV) Energy (eV)
Figure 5.3: Un-normalised reflectance spectra for different positions along the radius 
of the VCSEL structure wafer. The position of the probe beam on the sample is given 
by the values next to each spectrum (in mm), where 24mm is the micrometer setting 
near the wafer centre, and 44.5mm is near the edge. The spectra are displaced 
vertically from each other, for clarity. The lower edge of the stop band may he seen 
from positions 38.0mm onwards.
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Figures 5.4 and 5.5 show series of position dependent PR spectra (the experimental 
results represented with circles). Also shown are fits (solid lines) to the 
experimental data. Clearly the quality of the fits is, in general, very satisfactory, with 
the simplified model reproducing both the line shape and the accompanying large 
enhancement of the signal strength. In order to model all the PR spectra the CM 
feature was assumed to be interacting with two QW transitions in some cases. We 
used: one oscillator representing the eihhi transition in order to fit the series of 
spectra from 23.7 mm to 27.7 mm; two oscillators representing the eihhi and eihh2 
transitions fiom 28.0 mm to 35 mm; swapped to eihlfy and e2hhi from 35.5 mm to 
41.0 mm; one oscillator for e2hhi at 41.5 mm; and one oscillator corresponds to e2hh2 
from 42.0 mm to 44.5 mm. The assignments of the transitions were obtained by 
matching fitted energies with the theoretical calculations. The other TDFF 
parameters in Equ. (5.5) behaved well in the fits, with either a negligible variation 
with position, or only a smooth slow variation. For instance, the linewidth parameter 
was virtually constant for each transition, corresponding to HWHM values of 5meV, 
6meV, 8meV, 24meV and 24meV for the ejhlii, eihlu, eihh3, e2hhi and e2hh2 
transitions, respectively.
The vertical broken lines in figures 5.4 and 5.5 indicate the position of the 
ground- and excited-state QW transitions, as determined from fitting our spectra. 
However in the case of the ground-state eihhi transition, the PR spectra show its 
position clearly, at ~1.198eV, when it is well separated from the CM feature, for 
instance between the 30.0mm and 37.0mm positions. This set of PR spectra, clearly 
show features which can be assigned to the CM and the enhhm excitons and they 
demonstrate the ability of position dependent PR to map the wafer, as you can see 
the QW transitions to move in and out of resonance with the CM.
Chapter 5: Growth Characterisation Study o f  InxG al-xA s/G aA s/A lA s/A lG aA s Vertical-Cavitv
Surface-Emitting Laser Structure U sing Photomodulated Reflectance.
I l l
Chanter 5: Growth Characterisation Study o f  InxG al-xA s/G aA s/A lA s/A lG aA s Vertical-Cavitv
Surface-Emitting Laser Structure U sing Photomodulated Reflectance.
25
20
15
o
10
E n e r g y  ( e V ) E n e r g y  ( e V )
Figure 5.4: Examples of the PR spectra for different positions along the radius of the 
VCSEL structure wafer. The position of the probe beam on the sample is given by the values 
on the right (in mm), where 24mm is the micrometer setting near the wafer centre, and 
35mm is about half way towards the edge. The experimental data are shown as circles (and 
only every second point is plotted, for clarity), while the curves show the fits. The spectra 
are scaled by the factors given on the left and are displaced vertically from each other by 
2x10° units. By varying the position of the probe beam on the sample, the cavity mode was 
tuned through resonance with the eihhi transition at -1.198 eV and eihh2 at -1.229 eV, these 
occurring near the probe positions of 24.0 mm and 32.5 mm, respectively.
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Figure 5.5: Examples of the PR spectra for different positions along the radius of the 
VCSEL structure wafer. The position of the probe beam on the sample is given by the values 
next to each spectrum (in mm), where 35mm is the micrometer setting about half way 
towards the wafer edge, and 44.5mm is near the edge. The experimental data are shown as 
circles (and only every second point is plotted, for clarity), while the curves show the fits. 
The spectra are displaced vertically from each other by 2x1 O'3 units, and those on the left are 
magnified by a factor of 10, while those on the right are magnified by a factor of 16. By 
varying the position of the probe beam on the sample, the cavity mode was tuned through 
resonance with the eihh3 at -1.261 eV, e2hhi at -1.278 eV and e2hh2 at -1.313 eV, these 
occurring near the probe positions of 37.7 mm, 40.0 mm and 43.9 mm, respectively.
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Figure 5.6 shows the room temperature front and edge-emission EL of the sample. 
The front emission EL shows a peak located at the corresponding CM dip in the R 
spectra and several other misleading peaks. In contrast the edge emission EL shows a 
clear peak at ~1.197eV, confirming the energy position apparent in the PR for the 
ground-state, eihhi, transition. It may also be noted that the EL has a FWHM of 
~33meV, considerably wider than the corresponding feature in the room-temperature 
PR (FWHM ~10meV).
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Figure 5.6: Front and edge-emission EL of the VCSEL sample, as described in the 
text. In the bottom plot (log scale) in the front emission EL several misleading peaks 
can be seen corresponding to dips in the R spectrum, especially the CM at ~ 1.25eV.
QW 
el hhl
CM
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Figure 5.7 shows the dependence on position of the wafer of the PR signal strength, 
which we defined empirically as follows; the difference between the largest positive 
and negative extrema in AR/R near the CM. The PR signal is enhanced, and thus 
easiest to detect, when the CM and QW transitions are in resonance. For this reason, 
although a complicated lineshape arises when the CM and a enhhm exciton overlap, 
the fact that the PR signal is enhanced is very attractive for employing the simple 
amplitude technique of spectroscopy to characterise as-grown VCSEL wafers. 
According to our results: eihhi is in resonance with the CM at 24 mm, eihlty at 32.5 
mm, eihh3 at 37.5 mm, e2hhi at 40 mm and e2hh2 at 44 mm. From the variation in 
CM energy with position (see top part Fig. 5.7), this allows a fairly accurate estimate 
of the energies of these transitions as 1.198, 1.229eV, 1.261eV, 1.278eV and 
1.313eV, respectively, all to within an accuracy of about ±2meV. Clearly, it is 
possible to estimate the energy of the QW transitions reasonably accurately, simply 
by observing the resonances in PR amplitude with position. This in turn confirms the 
practicality of this method as a means of identifying spots on the wafer where the 
CM is in resonance with the ground-state QW transition, and also as a method to 
obtain the energies of higher-order transitions. No other spectroscopic technique is 
able to obtain such information non-destructively in VCSELs. For example in this 
sample, working devices could perhaps produced by fabricating a VCSEL near the 
wafer centre (24 mm) where the onset of a resonance between eihhi/ CM occurs (see 
figure 5.7). However, since the CM never actually reaches the QW transition energy 
at 1.198 eV (see figure 5.8) most probably the device performance would be quite 
poor.
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Position on Wafer (mm)
Figure 5.7: Upper plot: the variation of the energy of the cavity dip as obtained from 
the reflectance spectra of Fig. 5.3, as a function of position on the VCSEL wafer, the 
centre of the wafer being near the 24.0mm setting of the micrometer stage, and 
44.0mm being near the edge. The curve is a fit to the data with a quadratic. Lower 
plot: dependence of the PR signal strength on probe position, according to the 
empirical definition given in the text. The solid lines are a guide to the eye. The PR 
signal shows pronounced peaks at -24.0 mm, ~32.5mm, -37.7 mm, -40.0 mm and 
-43.9 mm, when the cavity mode is near to resonance with the eihhi, eihh2, eihlfy, 
e2hhi and e2hh2 QW transitions, respectively. A reasonably accurate estimate of the 
corresponding QW transition energy can be obtained by noting the peak position and 
locating the energy of the cavity mode at the same position on the upper plot, as 
indicated by the vertical and horizontal arrows for the example of the eihh2 
transition.
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Figure 5.8 summarises the results of the R and PR experiments and the fitting of the 
PR spectra, as a function of position in the wafer. The graph shows the energies of 
the QW excitons obtained by fitting the PR spectra and the energy of the CM 
obtained from both PR and the R spectra, which are in good agreement. The 
locations where the QW excitons are coincidence with the CM corresponds to the 
resonance positions, and are in the same position where the enhancement in the PR 
signal occurs (see figure 5.7).
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Figure 5.8: Summary of the results from fitting the position-dependent PR spectra, 
showing the strong variation of the CM energy (filled circles) and its interaction with 
the ground- and excited-state QW transitions (open circles). The curve shows the 
variation of the CM as obtained from the R spectra, as shown also in Fig. 5.7.
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Table 5.2 gives the QW transition energies of Fig. 5.8. For the ground state 
transition, the experimental energy of 1.198 eV is considerably lower than the 
desired nominal value near 1.24 eV for the 85A compressively-strained Ino.2sGao.75As 
QW. The main reason is thought to be due to calibration errors in the In 
composition, and a departure from nominal thickness in the QW. Clearly, the 
measurement of the single ground state transition cannot on its own confirm this and 
measurements of all allowed and forbidden QW transitions are very important. Thus 
the fitted experimental transition energies were compared with the theoretically 
calculated ones taking into account the excitonic binding energy and the QCSE, as 
described earlier. The shifts due to the QCSE were calculated for the built-in electric 
field of 18kV/cm, as determined from the FKOs from previous studies at Surrey 
[25,26]. However the corresponding shifts due to the QCSE were <~lmeV and 
therefore ignored as negligible. For the excitonic binding energies Eb (Equ. (5.7)) the 
fractional dimensionality parameter (Equ. (5.8)) was typically a  « 2.4, resulting in a 
shift of the calculated QW transitions by -6.0meV, -5.9meV, -5.8meV, -5.4meV and 
-5.4meV, for the eihhi, eihli2, eihh3, e2hhi and e2hh2 transitions, respectively.
The best agreement between the theoretical and experimental transition 
energies was obtained by assuming that the InGaAs QW is 4 A wider and that the 
actual In/Ga ratio is about 29/72, somewhat higher than the nominal 25/75 (see 
section 5.3).This implies that there are errors in the fluxes, which later confirmed by 
the supplier?
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Table 5.2: Experimentally determined QW transition energies (in eV) from fitting 
the PR spectra and the corresponding best-fit theoretically calculated values in the 
InxGai_xAs/GaAs/AlAs/AlGaAs VCSEL structure, assuming a QW width of 
Lz = 89A and indium composition of x = 29 %, and a CB offset ratio of Qc= 56.5%.
enhhm (eV) eihhj eihh2 eihlfy e2hhi e2hh2
Eqiv (Fit to PR) 1.198 1.229 1.261 1.278 1.313
Eqw (Theory) 1.198 1.224 1.264 1.282 1.308
5.8 Conclusions
We have studied the resonance between the CM and the QW excitons in 
InxGai-xAs/GaAs/AlAs VCSEL structure, by conventional R and PR spectroscopy by 
probing different wafer regions. When the CM and a QW transition overlap, the PR 
signal is enhanced, compared with the situation where the modes are not in 
resonance. Since PR can detect both ground-state and higher-order transition within 
QWs it is able, by comparing the positions of measured transition energies with those 
predicted theoretically, to provide much information about the active region, such as 
well width, quality, strain and composition. A characterisation of VCSEL wafer by 
these techniques allows one to obtain detailed information about excitonic and cavity 
properties. This characterisation is absolutely essential prior to full processing, in 
order to check that structures have been grown to specification. Furthermore, the
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technique provides a way of locating regions of a non-uniform VCSEL wafer which 
are suitable for device fabrication [26], by searching for wafer spots at which the PR 
signal is maximum, so indicating where the QW gain peak and cavity mode are in 
close alignment. Thus the technique has potential to save wasting valuable 
fabrication time.
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Chapter 6
T e m p e r a t u r e  D e p e n d e n c e  S t u d y  o f  a n  
I n xG a i _ xA s / G a A s / A l A s  V e r t i c a l  - C a v i t y  
S u r f a c e -  E m i t t i n g  L a s e r  S t r u c t u r e  U s i n g  
P h o t o m o d u l a t e d  R e f l e c t a n c e  S p e c t r o s c o p y .
6.1 Introduction
In this chapter photomodulated reflectance (PR) measurements on the same 
InxGai„xAs/GaAs/AlAs/AlGaAs vertical-cavity surface-emitting laser (VCSEL) 
structure studied in the previous chapter will be presented. However in this case the 
detuning (AE) between the cavity mode (CM) and the gain spectra will be caused by 
temperature changes. Cooling from room to liquid-helium temperatures shifts the 
gain peak towards shorter wavelengths with respect to the CM. We were able to 
study the relative movements of the CM and all of the QW transitions over the full
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range of temperature, observing an enhanced PR signal when the CM and the various 
QW excitons overlap (AE—>0). The information provided by such temperature 
dependent PR can be used to study how temperature variation affects device 
performance and can also be a very useful technique for growth characterisation of 
VCSEL wafers.
6.2 Results and Discussion
It is discussed in the previous chapter that the output characteristics of a VCSEL are 
determined by the gain medium and the optical design of the resonant cavity and 
how a close match between the gain peak and the Fabry-Perot (FP) resonance in the 
reflectivity spectrum is needed in order to obtain low threshold current and high 
power output. However, during operation this condition can not be maintained 
exactly since the power dissipated in the VCSEL results in self heating which in turn 
shifts the gain peak with respect to the FP resonance. For this reason the effect of the 
resulting mismatch between gain and FP mode on the laser threshold current has 
attracted considerable interest [1,2,3,4]. In VCSEL devices the emission output is 
confined to the cavity dip. For this reason considerations about the influence of 
leakage and gain-cavity alignment on the performance of such devices usually 
requires a study of the VCSEL itself and equivalent edge emitting lasers in order to 
separate the intrinsic, material effects (such as carrier leakage to the X minima) from 
the structurally induced gain-cavity alignment effects of the VCSEL structure
[2,3,4]. Here we present results showing that non-destructive front surface PR as a 
function of temperature is able to detect both the CM and the QW transitions in 
VCSELs. By fitting all the PR spectra with the theoretical model described in the 
previous chapter we are able to follow the relative movements of the CM and the
Chapter 6: Temperature Dependence Study o f  InxG al-xA s/G aA s/A lA s Vertical-Cavitv Surface-
Emitting Laser Structure by U sing Photomodulated Reflectance Spectroscopy.
124
QW transitions over the full range of temperature (9K-325 K). This kind of 
information can be very useful for investigating how temperature variation affects 
device performance since it allows a complete picture of the relative position of the 
gain and the CM, crucial factors for investigating the effects of gain-cavity alignment 
on the threshold current. It can also be used as a non-destructive method for 
evaluating growth quality, since for well known materials the energy values of the 
resonances between the CM and QW excitons at several temperatures can be easily 
extrapolated to room temperature using Varshni or Bose-Einstein expressions (see 
chapter 3). Thus in a similar way to the previous chapter, important information 
about the growth quality can be made.
The sample studied here is nominally an InGaAs/GaAs/AlAs/AlGaAs 
VCSEL structure designed for operation at A,~l pm. A detailed description of the 
structure is given in the previous chapter. Here we present results showing that 
temperature dependent PR can detect all the QW transitions in the range of 
temperature between 9-325 K and thus allows an accurate determination of the gain 
as a function of temperature. Furthermore we present an alternative way from that 
used in the previous chapter for characterising the quality of the growth, which can 
be also used in uniform wafers. By choosing two suitable positions on the non 
uniform wafer and cooling, we used the fact that the QW transitions blue-shift more 
rapidly than the CM, in order to study the relative movements between the five QW 
transitions and the CM. Figure 6.1 shows the energy of the CM obtained from room 
temperature R spectra, as a function of position on the wafer. The two chosen 
positions for the temperature dependent measurements are also shown by arrows in 
figure 6.1.
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Figure 6.1: Variation of energy of the cavity dip as obtained from R spectra, as a 
function of position on the VCSEL wafer, where 25 mm is the micrometer setting 
near the wafer centre, and 44 mm is towards the edge. The selected positions (A and 
B) for the temperature dependence measurements are shown by arrows. Note that 
this is the same figure as upper part of figure 5.7.
A Cryophysics cryostat system was used for the variable temperature 
measurements, with the sample temperature stepped in intervals of typically 10K 
from -9 K to -325 K. A micrometer translation stage was used in order to mark the 
two selected positions. In what follows, we shall use the notation enhhm to denote the 
QW excitonic state formed by the n[h confined electron state in the conduction band
126
Chapter 6: Temperature Dependence Study o f  InxG al-xA s/G aA s/A lA s Vertical-Cavitv Surface-
Emitting Laser Structure bv U sing Photomodulated Reflectance Spectroscopy.
(CB) and the mth confined heavy-hole state in the valence band (VB). At position A 
cooling to ~9K allowed the three lowest-energy QW transitions (e/M/, ejhh-2 and 
Q]hh3 ) to be studied when they interact with the CM. At position B, chosen so that 
the CM was some ~55meV higher in energy than at position A, the higher of the 
three QW transitions studied at position A (cjkhf) could be studied for a second time, 
but at a much lower temperature, while further heating yielded information for the 
two remaining highest-order transitions, e2hh] and &2hh2. In all the PR experiments, 
modulation was provided by a chopped (333 Hz), 0.8mW HeNe laser (X = 633 nm). 
The experimental arrangement was at normal incidence and of the conventional type, 
as described in chapter 3. In order to fit our experimental results we used the 
theoretical lineshape model for the PR modulation of the coupled cavity and exciton 
modes, based on energy dependent Seraphin coefficients. A detailed description of 
the model was given in chapter 5.
Figure 6.2 and 6.3 depicts a representative series of normalised R for position 
A, in the spectral region near the CM, as a function of temperature. In general there 
were no discernible features in the R spectrum associated with any of the QW 
transitions. However over a certain temperature range(-100 K < T < -140 K), a 
weak feature could be seen in R attributable to ground state ejhhj QW transition, 
when it is near and below CM, as indicated by the broken line in figure 6.2 (right 
plot), presumably because at such low temperatures excitonic effects are more 
important. The CM energy was easy to find at any temperature from the reflectance 
spectra. According to these results the energy of the cavity dip does not vary a lot 
with temperature; at position A it has a value of 1.276 eV at 9 K, decreasing 
smoothly to a lower energy of 1.254 eV at 325 K.
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Figure 6.2: Normalised normal incidence R spectra for position A of the VCSEL 
structure, as a function of temperature (shown by the figures on the right).
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Figure 6.3: Normalised normal incidence R spectra for position A of the VCSEL 
structure, as a function of temperature (shown by the figures on the right and the 
left).
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Figure 6.4 and 6.5 show series of temperature-dependent PR spectra for 
position A. In contrast to the R measurements, in the corresponding PR spectra the 
ejhhj transition was easily observable over a much wider temperature range of -120 
IC< T < -300K, as was the eihh2 transition at temperatures below -  270 K (shown 
with vertical broken lines in figures 6.4 and 6.5). The position of the CM is also 
shown in these figures using solid lines.
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Figure 6.4: PR spectra as a function of temperature for position A of the VCSEL 
structure wafer. The temperature of the sample is given by the values on the left (in 
IC). The experimental data are shown as circles (and only every second point is 
plotted, for clarity), while the curves show the fits. The spectra are displaced 
vertically for clarity. By varying the temperature on the sample, the eihhi transition 
was tuned through resonance with the cavity mode at -1.272 eV, this occurring at 
near 51 IC.
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Figure 6.5: PR spectra as a function of temperature for position A of the VCSEL 
structure wafer. The temperature on the sample is given by the values on the left (in 
K). The experimental data are shown as circles (and only every second point is 
plotted, for clarity), while the curves show the fits. The spectra are scaled by the 
factors given on the right and are displaced vertically for clarity. By varying the 
temperature on the sample, the eihh2 and eihh3 transitions were tuned through 
resonance with the cavity mode at near 200 K and 307 K respectively.
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In general, though, the high-order transitions (exhh3, e2hhi and e2hh2) were 
too weak to be detected in either the R or PR spectra at any temperature. However, 
the PR spectra again showed an obvious amplitude resonance effect when the QW 
transitions cross the CM (see chapter 5). Figure 6.6 (upper plot) shows the 
dependence on temperature (between ~9K and -325K for position A) of the PR 
signal strength, which we defined empirically in the PR spectra as follows: By the 
difference between the largest positive and negative extrema in AR/R spectra. This 
reveals resonances with the CM for e]hhjt e]hh2 and elhh3 near 5IK, 200K and 307K, 
respectively. For position B (43mm -  see also Fig. 6, lower plot) e3hh3, e2hhj and 
e2hh2 are in resonance with the CM near 120 K, 188 K and 291 K, respectively.
From the variation in CM energy with temperature as obtained from the R 
spectra (Fig. 6.7, CM position A), the temperatures at which the PR signals peak in 
Fig. 6.6 (upper plot) allows a fairly accurate estimate of the energies of the QW 
transitions from position A as 1.274eV, 1.264eV and 1.256eV, for e]hh](T=51 K), 
e]hh2(T=200 K) and e}hh3 (T=307 K) , respectively, while for position B (see Fig. 
6.7, CM position B) they were 1.327eV, 1.322eV and 1.312eV, for ejhh3(T^120 K), 
e2hhj(T=188 K) and e2hh2 (T=291 K) , respectively. Clearly, it is again possible to 
estimate the energy of the QW transitions reasonably accurately, simply by 
observing the resonances in PR amplitude with temperature (see chapter 5).
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Figure 6.6: Upper plot: Position A, Lower plot: Position B - dependence of the PR 
signal strength as a function of temperature. The solid lines used as a guide to the 
eye. For position A, the PR signal shows pronounced peaks at ~51K, -198K, and 
-307K, when the cavity mode is in good alignment with the ejhhj, ejhh2, and ejhhs 
QW transitions, respectively, while for position B (bottom plot), the corresponding 
peaks are at -120K, —188 K, -291 K, for eihh3, e2hhj, and e2hh2, respectively. A 
reasonably accurate estimate of the corresponding QW transition energy can be 
obtained by noting the peak position and locating the energy of the cavity mode in R 
at the same temperature shown in figure 6.7.
Figure 6.7 summarises the results from the resonance measurements in 
temperature-dependent studies for position A and B. In order to confirm some of 
these energies, and provide additional information on the detailed temperature 
dependence, we fitted the temperature-dependent PR spectra corresponding to the 
full set of measurements for position A using the line shape model of chapter 5. The 
solid curves in Figures 6.4 and 6.5 show examples of these fits, from which accurate 
values of the ejhhj, e]hh2, and ejhh3 transitions energies were obtained over the 
complete range of temperatures. Clearly the quality of the fits obtained in Figs. 6.4
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and 6.5, is, in general, very satisfactory, with the model reproducing both the line 
shape and the accompanying enhancement of the signal strength near the resonances. 
Note that, due to level repulsion/anti-crossing effects, the ejhhi exciton energy does 
not actually cross that of the CM at position A, even at the lowest temperature of 
~9K (see Fig. 6.7).
Temperature (K)
Figure 6.7: Summary of the results from analysing the temperature-dependent PR 
spectra, for both position (A and B), showing the strong variation of ground- and 
excited-state QW transitions and their interaction with the cavity mode (open circles 
from fitting the PR and filled squares from R measurements). The filled circles are 
energies obtained from either fitting the PR spectra (e.g. see Figures 6.4 and 6.5), or 
direct observation of the energy of the feature in the PR spectra. The open squares 
are the QW transition energies obtained using the resonance peaks in the temperature 
dependent studies of the PR amplitude (see figure 6.6). The filled squares are the 
QW transition energies obtained at 294 K from position dependent studies (chapter 
5). Curves are a guide to the eye.
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The information provided by temperature dependent PR in the form of the relative 
movements of the CM and the QW transitions allows us to calculate the material gain 
in the temperature of interest independent from the effect of the CM. Our 
measurements of the behaviour of the QW transitions as a function of temperature 
enabled the theoretical group at Surrey to calculate6,1 several important device 
properties. For instance, figure 6.8 shows calculations of the gain for two 
representative temperatures (200 K and 294 K) for different values of earner density 
(Ns). Note that the gain increases as a function of carrier density and that for the same 
carrier density the gain is higher for lower temperatures (this is the reason laser 
devices are easier to operate at low temperatures).
E n e r g y  [ e V ]
Figure 6.8: Gain calculations using the QW transition energies as obtained from 
temperature dependent PR studies. The different colours in the graph represent the 
gain calculation for several values of carrier densities (Ns), starting from lxlO12,
2xl012, 3xl012 ............ 10xl0i2 [l/cm2].Note that the gain increase as the carrier
density increases.
6-1 The calculations performed by Dr S. Tomic.
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Furthermore from figure 6.7 the relative movement of the gain and the CM 
can be evaluated. This kind of information could be used for subsequent device 
relevant measurements (fabricated from the same piece of the wafer) in order to 
study how their relative energies affect the output characteristics of any fabricated 
devices [2,3,4].
In our previous work (see chapter 5) the same sample was studied by PR 
measurements as a function of position on the wafer at room temperature. By 
comparing theoretical and experimental transition energies important considerations 
about the quality of the growth were made. In the present experiment the values of 
the QW transitions at the temperatures of resonance with the CM can be extrapolated 
to room temperature using a Varshni (see equation 3.1) or Bose-Einstein expression 
(see equation 3.2) and similar growth considerations can be made. In the present case 
that was quite easy: as we mention earlier in the PR spectra the ejhhj transition was 
easily observable over a wide temperature range of -120 K< T < -300K, as was the 
e’]hh2 transition at temperatures below -  270 K (shown with vertical broken lines in 
figures 6.4 and 6.5) and the temperature dependence of the ground state and higher 
order transitions can be fitted with Varshni or Bose-Einstein expression. However 
even in the cases where this does not occur and the QW transitions can not be seen in 
the PR spectra we should be able to observe the amplitude resonance effect when the 
CM and the QW exciton are in good alignment (see chapter 7). The temperature 
dependence of the QW transitions in such cases could be obtained by performing 
cooling experiments at different angles of incidence (see chapter 7). By changing the 
angle of incidence the optical path of the cavity is changed which alters the CM 
energy [5], and thus the temperature at which the QW resonances occur.
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Thus the temperature dependent PR method could be used as a simple way of 
assessing growth quality even for uniform wafers.
6.3 Conclusions
We have shown that by choosing a suitable position on the VCSEL wafer and 
changing the temperature, a detailed PR study of the relative movements between the 
cavity mode and the gain can be achieved. This information was used to enable 
calculations of the gain as a function of temperature. Furthermore, the energies of the 
resonance between the CM and the QW transitions at several different temperatures 
can be extrapolated by a Varshni or Bose-Einstein expression to room temperature. 
By comparing the measured transition energies with those predicted theoretically, 
information about the quality of the growth could be made in similar way to chapter 
5. Furthermore the temperature dependent PR method for assessing the growth can 
be also used on uniform wafers A note of caution is warranted: the resonance effect 
should always be observable when the linewidths of the cavity mode and QW 
features are roughly comparable. In cases where the linewidth of these two features 
is very different, PR can still be used to detect the coupling between the QW 
transition and the cavity mode, using the symmetry of the PR spectra [6]. hi chapter 
7 both ways will be applied on the same VCSEL structure in order to identify the 
coupling between the CM and the QW exciton.
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C h a p t e r  7  
I n f l u e n c e  o f  v a r y i n g  N - E n v i r o n m e n t s  o n  t h e  
P r o p e r t i e s  o f  ( G a I n ) ( N A s )  
V e r t i c a l - C a v i t y  S u r f a c e - E m i t t i n g  L a s e r s
7 . 1  I n t r o d u c t i o n
This chapter combines previous work on vertical-cavity surface-emitting lasers 
(VCSELs) and GalnNAs/GaAs MQW structures showing the usefulness of 
performing modulation spectroscopy and device relevant measurements on the same 
piece of wafer. It also extends the application of modulation spectroscopy in the form 
of electro-modulated reflectance (ER) as a valuable non-destructive tool for 
VCSELs: the coupling between the main exciton and the cavity mode (CM) can be 
identified in two different ways. We describe ER spectroscopy studies on the band 
structure of a dilute-N (-1%) (GaIn)(NAs)/GaAs/AlAs VCSEL, as a function of 
temperature and incidence angle. We contend that the wide range of operating 
temperatures observed for this type of VCSEL (-36OK in the present case) is due to
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intrinsic properties of the GalnNAs alloy. The total variation of the effective band­
gap is reduced by the presence of N and the gain is quite broad not only as a result of 
the N incorporation in the growth of the quantum wells (QWs) but also due to the 
existence of different band gaps arising by N having alternative sites with either 
dominating Ga-ligands or dominating In-ligands.
7 . 2  G a l n N A s  V C S E L  w i t h  U l t r a - B r o a d  T e m p e r a t u r e  O p e r a t i o n  R a n g e
Many applications of VCSELs such as, for example, telecommunications systems, 
require operation over a broad temperature range. The output characteristics of a 
VCSEL are determined by the gain medium and optical design of the resonant cavity 
[1]. A close match between the gain peak and Fabry-Perot cavity mode (CM) dip in 
the reflectivity (R) spectrum is needed in order to obtain low threshold current and 
high power output [1]. However, this condition cannot be consistently maintained at 
different temperatures during operation since the thermal variation of the gain peak is 
much larger than that of the CM [2]. The resulting mismatch between gain and CM 
severely limits the temperature range of VCSEL operation [1]. With AlGaAs/GaAs 
VCSELs cw operation over a temperature range from 6 to 200 K has been achieved
[3]. One can broaden the gain spectrum by the use of non-uniform quantum wells 
(QWs) or by the contribution of higher quantised sub-bands in the gain [4,5].
VCSELs emitting at the telecommunication range of 1.3 - 1.55 pm have also 
problems related to growth. The GalnPAs-InP material system, which is the most 
common for edge emitting lasers in this wavelength range [6], suffers from the 
availability of epitaxial layers with high refractive index contrast in order to form 
suitable reflectivity DBRs [7]. (GaIn)(NAs) is a new, very promising, material for
Chapter 7: Influence o f  Varying N-Enviroments on the Properties o f  (GalrOfNAs) Vertical-Cavitv
Surface-Emitting Lasers.
140
optoelectronic applications (as reviewed in chapter 4) which can solve both of the 
above problems. Incorporating only a few percent of N into GaAs or (GaIn)As 
reduces the band gap of these alloys by about 150meV per % N. Thus, band gaps 
corresponding to 1.3pm, and even 1.55pm, in the telecommunications range can be 
obtained, offering the ability of using well known GaAs technology for near IR 
lasers and also enables the production of VCSELs [8]. Here, we show that GalnNAs 
VCSELs can also extend the temperature operation range.
A representative (GaIn)(NAs)/GaAs/AlAs VCSEL structure suitable for 
optically pumped emission (at X « 1.3pm), was grown by metal-organic vapour- 
phase epitaxy [9,10]. The top and bottom Bragg mirrors consist of 16 and 20.5 
GaAs/AlAs undoped layer pairs, respectively. The active region comprises four
o
stacks of three 70A Ga0.70In0.30N0.01As0.99 QWs placed at the antinode positions of the 
electric field in a GaAs cavity of optical thickness 2.5X,. The QWs and GaAs/AlAs 
Bragg mirrors were grown at 525°C and 625°C, respectively. For the optical- 
pumping experiments [11], the VCSEL was excited with a mode-locked Ti: sapphire 
laser with a pulse width of lOOfs and repetition rate of 80 MHz. The pump 
wavelength was 0.92 pm in order to avoid high reflectance losses, and absoiption in 
the Bragg mirrors or barriers. Figure 7.1 shows typical results of the measured 
temperature-dependence of the threshold optical pumping power. A striking feature 
is the unusually wide range of temperatures over which the VCSEL operates: 
between 30 IC and 388 IC. The minimum threshold occurs at around 200 IC, and the 
threshold increases by factors of 4 and 5, at 30 K and 388 K, respectively [11]. The 
main object of this chapter is to identify the physical origin of this ultra-wide range 
of operating temperatures.
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Temperature (K)
Figure 7.1: Temperature dependence of the (GaIn)(NAs) VCSEL optical pumping 
threshold power after femtosecond optical excitation at 920nm (reproduced by 
permission from University of Marburg).
7.3 Early Observations
Going back to chapter 4, when a set of as-grown GalnNAs/GaAs MQWs with 
different amounts of N and around 30 % In were studied, we had already noticed 
from the first PR measurements surprising observations in the spectra (see figure 
4.4).
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Figure 7.2: PR spectra of GalnNAs/GaAs MQWs at room temperature and 1 atm. 
Lower spectrum 0 % N. Upper spectrum 2.5 % N. The arrows in the N content 
sample represents the double peak structure of the ground state QW transition.
Figure 7.2 shows the PR spectra of two of the samples (0 and 2.5 % N). Two unusual 
observations can be seen by looking carefully at the data: 1) For the 2.5 % N sample 
there is a pronounced double peak feature to the ground-state transition (indicated by 
arrows in the spectrum). 2) The ground state transition for the N-containing sample 
is weaker than the next higher one, indicating that the oscillator strength of the higher 
transition is stronger. This is not the case for the 0 % N sample where the oscillator 
strength of the ground state (indicated by arrow in the spectrum) is much stronger 
compared with the other ones.
The existence of this double feature in the ground state becomes more 
prominent in the temperature-dependent data for the 2.5 % N sample (see figure 7.3). 
Note that in order to fit these temperature-dependent results we used four TDFFs (see 
equation 2.9). In contrast, the pressure results for the same sample were fitted with
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three TDFFs (see chapter 4) since at high pressures the PR spectra become very 
broad and the double feature within the ground state can not be distinguished. 
Although at first it looks as if the higher energy peak could be a light hole transition, 
it can not be modelled successfully in this way. We will see later that both peaks 
belong to the ground state and occur due to N having either 4 Ga neighbours (lower 
energy peak) or 3Ga and lln neighbours (higher energy peak).
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Figure 7.3: Temperature dependent PR data for 2.5 % N content GalnNAs/GaAs 
sample. The circles represent the experimental results and the solid lines are the fits 
using the conventional lineshape model with four TDFFs (see equation 2.9).
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Photoreflectance measurements from collaborators at the University of 
Marburg extend the above early results by studying as-grown (MOVPE) and 
annealed Gai_3Jn;,NxAsiyGaAs QW structures (y<35%, x<3%, well width «8nm). 
Those samples were annealed at various temperatures. More information on the 
annealing procedure can be found in reference [12]. There was no indication of a loss 
of nitrogen in the layers, interdiffusion in the QW structures or phase separation for 
the annealed samples as shown by SIMS, TEM or X-ray diffraction measurements 
[12].
Fig. 7.4 reproduces these Marburg room temperature (RT) PR spectra of their 
as-grown QW samples and of the corresponding samples annealed at 625°C. For the 
as-grown Gai .3Jn>,NxAsi_x/GaAs QWs with x«2% (Fig. 7.4c), at energies below leV, 
a double-peak structure, corresponding to the lowest QW state (similar to figure 7.2 
and 7.3), develops on increasing In concentration from 10% to 35%. After annealing 
(Fig. 7.4d), the peak structure below l.OeV has been modified: the double-peak 
structure at energies below leV has disappeared fory>0.2 whereas its high-energy 
signal has increased in oscillator strength. There is no dependence on y for the 
energy separation between the two signals (about 30 to 40meV). Neither the 
GaN0.015As0.985/GaAs QW nor the Ga0.sIn0.2As/GaAs QW show similar effects 
(figure 7.4a and figure 7.4b) : no blue-shift or dramatic change of the PR spectra 
after annealing occur in the case of these ternary alloys. The double peak structure 
for the lowest transition in the Gai.xInxNyAsi.y QWs in the PR spectra (figures 7.2, 
7.3, 7.4c) was explained recently from the annealed PR measurements from the 
experimental group at Marburg, in collaboration with the theoretical group in Surrey. 
Briefly, the effect of annealing in the GalnNAs/GaAs QWs can be understood as
145
follows. There is a dependence of the annealing effect on As-vapour pressure 
(presented elsewhere [12]) which leads to the conclusion there is a tendency for N to 
change its environment, and this is enhanced by As-vacancies. Thus, the 
reconfiguration process takes place on the group V sublattice. The N-hopping 
process is driven by the competition of two processes 1) chemical bonding effects 
and 2) local strain contributions to the site energies of the different N-environments. 
During the growth process, chemical bonding aspects dominate at the surface which 
favour Ga-N bonds instead of In-N bonds. This surface state is frozen during the 
non-equilibrium growth process. In contrast to the surface, In-N bonds are favoured 
in the bulk at equilibrium due to the dominance of local strain effects. Therefore, the 
frozen non-equilibrium bulk state can be transformed into the equilibrium bulk state 
by annealing under appropriate conditions [12].
The double peak feature discussed in this section is related to an unusual 
property of dilute-N (GaIn)(NAs), namely the existence of discrete bandgaps arising 
from different possible nearest-neighbour configurations of N which can strongly 
broaden the gain spectrum of the VCSEL and thus increase the range of operating 
temperatures.
In the final paragraph of this chapter we will correlate the above observations 
from Marburg University with our results for GalnNAs/GaAs QWs within the active 
region of our GalnNAs VCSEL.
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Figure 7.4: Room temperature PR spectra of Gai_yI%NxAsi.x/GaAs QWs as grown 
and annealed at 625°C. (a) x=1.5%, y=0%. (b) x=0%, y=20% . (c),(d) x»2%, various 
y (reproduced from reference [12] after permission). The arrows indicate the 
effective band gap for the Gai7I%NxAsi-x/GaAs QWs as grown and annealed 
samples.
7.4 Experimental Details
Photoreflectance can be very useful tool for investigating GalnNAs/GaAs 
MQW structures (chapter 4) and VCSELs (chapters 5 and 6). However in this case
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PR measurements could not modulate the sample, mainly because of the difficulty in 
finding a suitable laser and also because the sample is undoped.
Here the application of modulation spectroscopy is extended by performing 
electro-modulated reflectance (ER) in order to investigate the bandstructure of the 
GalnNAs/GaAs VCSEL.
It is shown in the previous chapters how QW transition energies in VCSEL 
structures can be obtained from monitoring the modulated reflectance signal (AR/R) 
as the energies of the QW exciton and CM are made to cross each other by varying 
either temperature or position on the wafer. When the two features cross or are in 
close alignment there is a resonance in the amplitude of AR/R from which the QW 
transition energy can be inferred, even when no feature from the QW itself can be 
observed in the AR/R spectra. However, it was mentioned in the previous chapter 
that the resonance effect may not be observable in the case where the CM and the 
ground state exciton have very different linewidths [13]. In this chapter two ways of 
identifying the coupling between the main exciton and the CM will be presented: 
firstly by monitoring the changes in the amplitude; secondly by monitoring changes 
in the phase of the ER spectra.
The band structure of the N-containing VCSELs, was investigated by using 
non-destructive variable-temperature and variable-angle ER spectra. In order to 
compare lasing properties and bandstructure the ER measurements were performed 
on the same piece of wafer as the above mentioned Marburg optical pumping 
experiments. The results probe the usefulness of performing modulation 
spectroscopy and device measurements on the same piece of the VCSEL wafer. The 
emission output of a VCSEL is confined to the region of the cavity dip (see also 
chapter 6). For this reason considerations about the gain itself can not be made from
Chapter 7: Influence o f  Varying N-Enviroments on the Properties o f  fGalrOCNAs) Vertical-Cavity
Surface-Emitting Lasers.
148
device relevant measurements in VCSELs. The following paragraphs will show how 
modulation spectroscopy can be used in order to access information about the gain of 
VCSEL structures.
For the ER measurements the reflectance was modulated by an electric field 
applied to the sample using a transparent electrode (from ~400nm - -2pm), made 
from a glass slide coated with indium tin oxide (ITO), which permits the reflectance 
measurements to be made through the electrode without the destructive process of 
fabricating direct electrical contacts onto the sample [14]. Contactless-ER (CER) 
measurements can be performed without touching the sample. The electrode can be 
placed just above the sample, leaving a tiny gap of -  0.3mm of air between the 
electrode and the sample [15]. However, we found that in order to performed 
temperature dependent measurements within a cryostat the ITO had to be gently 
touching the sample, for experimental stability reasons. The sample in our studies 
was not a p-n junction. For this reason a quite large 330 Hz chopped sinusoidal 
voltage (~lkV r.m.s) had to be applied on the top transparent electrode in order to 
modulate the sample’s surface electric field. Reflectance spectra were recorded 
simultaneously. The modulated reflectance and reflectance from the sample were 
analysed using a conventional monochromator dispersed probe beam, InGaAs 
detector and phase-sensitive detection techniques (see chapter 3). A Cryophysics 
cryostat with 360° panoramic window was used to vary the sample temperature 
between -10K and -325K (the upper limit for this system) in intervals of typically 
5K to 10K. For the angle-dependent ER measurements at 300K, the sample was 
mounted on a turntable with x-y stage, and the incidence angle increased in intervals 
of typically 2.5°.
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7.4 Observation of Coupling Effect between the Cavity Mode and Main
Exciton in VCSEL Structures by ER Spectroscopy.
We mentioned in chapter 6 that the modulated reflectance resonance effect should 
always be seen if the linewidths of the QW and the cavity are comparable. Recently, 
measurements in our group [13] have shown that in cases where the CM linewidth is 
much larger than that of the ground state exciton, the symmetry of the PR spectra can 
also be used in order to identify when the two features overlap. In the 
GalnNAs/GaAs/AlAs VCSEL we are able for the first time to see both effects 
(amplitude resonance and symmetry changes) and thus check the consistency 
between the two methods.
It was shown in chapter 6 that changing the sample temperature gives a much 
larger shift in the energy of the exciton than that of the CM. This allows ER spectra 
to be obtained for different energies between the CM relative to the ground state 
exciton. We find a significant variation in the line shape and intensity of the ER 
spectra as a function of temperature, which can be correlated with the interaction of 
these features as they move across each other. In Fig 7.5 (left plot) representative 
reflectance spectra as a function of temperature are shown. The cavity mode can be 
easily found from this set of spectra at any temperature. Fig 7.5 (right plot) shows the 
corresponding ER spectra. A shaip feature at the same energy of the cavity dip is 
also clearly seen in this set of spectra, but no separate ER feature from the QW 
ground-state exciton can be seen because the CM and the ground state exciton have 
very different linewidths (we discuss this point later).
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Figure 7.5: Left plot; Representative normalised reflectance spectra at different 
temperatures. Right plot: The corresponding ER spectra. Circles: experimental data. 
Solid lines: Fitting by using the modified model described in the text.
The origin of this CM-related ER feature is explained in chapter 5. However, it is 
briefly summarised here as follows. The applied electric field induces small periodic 
variations in the sample’s real and imaginary refractive indices, which therefore
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modulate its reflectivity R. In VCSELs, most of the relevant ER signal arises within 
the active cavity region. Altering the real refractive index modulates the cavity 
optical thickness and thus the CM wavelength in R, while the imaginary component 
modulates the cavity absoiption and thus depth of the CM dip. The result is a narrow 
derivative-like feature in the AR/R spectrum, centred on the same wavelength as the 
CM. However, the electric field also modulates the QWs within the active region by 
the QCSE (see chapter 2). By looking more carefully at the results, the interaction 
between the CM and the QW transition, as they move into resonance by changing the 
temperature, can be identified. A change in the amplitude of the ER signal can be 
easily observed by empirically monitoring the difference between the largest positive 
and negative extrema in AR/R (see figure 7.5). A clear maximum in the amplitude of 
the ER signal can be seen at around 200 K. Note that, at the same temperature, the 
ER spectrum has (after fitting the results, see next section) an anti-symmetric 
lineshape (see figure 7.5 right plot). The origin of the amplitude resonance was 
explained in chapter 5. The symmetry effect has been explained with detailed 
simulations elsewhere [13]. Both effects indicate the coupling between the cavity 
mode and the ground state exciton [13,16]. However, it will be shown later that the 
ground state transition in GalnNAs/GaAs QWs can include more than one excitonic 
feature; the main resonance between the CM and the gain occurs when the main 
exciton crosses the CM near 200 K.
In the following section we confirm these empirical observations by fitting 
our experimental ER spectra with a TDFF lineshape model [13].
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7.6 Fitting analysis and discussion
In the previous chapter we used a modified lineshape model in order to fit the CM 
and QW features seen clearly in PR spectra. However figure 7.5 (right plot) shows 
that in the current case only one feature (corresponding to the CM) dominates the
spectra, so the fitting model has to be modified again in order to simulate with these
%
experimental observations:
Similar to PR, the ER signal can be written as:
AR
——- = aAslolv + pA820f{, (7-1)
K
where a  and p are the Seraphin coefficients and As\qw and As2qw are the electric 
field-induced modulations of the real and imaginary parts of dielectric function of the 
QW respectively. In VCSELS the QW Seraphin coefficients display sharp features at 
the position of the CM (described in chapter 5). For cases in which the linewidth of 
the CM (Fcm) and the inhomogeneous broadening of the QW exciton (Fqw) are not 
too different from each other, then a  and p and Aei)2 all play a role since all of them
I
vary rapidly with energy. However, in cases where FQw»rcM then a  and p vary 
much more rapidly with energy than Aei>2. Thus a  and p determine the ER lineshape, 
while the magnitude and sign of Asij2 give the relevant contribution of a  and p, and 
thus only changes in symmetry and phase [13]. This is the situation here. From the 
reflectance measurements Tcm ~ 1 OmeV [full-width at half-maximum (FWHM) 
measured from R spectra) and subsequent fitting of the ER spectra suggests that 
Tqw«68 meV (assuming that the T of the coupled CM/QW feature is given by 
adding: Fqw+Fcm)- In order to confirm our empirical observations, we fitted the
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temperature-dependent ER spectra using a conventional PR model [similar to
ARequations 2.9 and 5.5]: -^-(E)= Re
Now C and V represent the amplitude and the broadening of the CM-QW interacting 
feature, respectively, and Ec represents the energy of the cavity mode. The exponent 
m was chosen to be 3 in this case. However the parameters of interest are amplitude 
C and phase fl. The curves in figure 7.5 (right plot) show the fits to the experimental 
data which are very satisfactory. Figure 7.6 summarises our fitting results. In the 
upper plot the parameter C (amplitude) is shown as a function of temperature. An 
obvious peak in the amplitude of the CM-QW feature is observed at 200 K similar to 
our previous measurements in chapters 5 and 6, confirming the enhancement of the 
ER signal when CM and the main exciton are in good alignment. In the middle plot, 
at the same temperature, the phase fl (which is a measure of the relative magnitudes 
of a  and p and their contribution to the CM-QW interacting feature and thus its 
symmetry) is equal to 0° at 200 IC giving an anti-symmetric lineshape [13]. Figure
7.6 (bottom plot) shows the energy of the CM as obtained from the fitting analysis of 
the ER spectra. It will be shown later that this is in very good agreement not only 
with the CM energy obtained from the R measurements (also shown in figure 7.6 
bottom plot) but also with the lasing energy (see figure 7.12). The energy of the main 
exciton at the temperature of the maximum coupling with the CM (200 K) can be 
easily identified from the CM energy at the same temperature; in this case is 0.987 
eV (see figure 7.6 bottom plot). Note that at the same temperature (see fig 7.1) the 
lowest threshold pumping power is also observed. Thus the modulation spectroscopy 
results are in good agreement with the device relevant observations.
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Figure 7.6:Fitting analysis of the ER spectra: Top plot: Amplitude of the fitting, 
Middle plot: symmetry of the fitting, Bottom plot: energy of the cavity mode from 
fitting the ER spectra (open circles) and from R measurements (filled triangle).
155
According to these observations both effects occur at the same temperature of 200 K 
and can both be used for determining the main excitonic feature of the gain when it is 
coupled with the CM. In general, we have found that in order to observe the 
amplitude enhancement, this method usually requires the exciton inhomogeneous 
broadening ( F q w )  to be comparable to that of the CM ( F c m ) . In such cases, the QW 
and CM can be seen separately in the PR spectra and can be made to move in to 
coincidence where a resonance signal occurs (see chapters 5 and 6). The symmetry 
effect has been seen in cases where the resonance effect was too weak to be observed 
because of the high reflectance top DBR mirror and the ground state exciton having a 
large inhomogeneous broadening. This effect can be used as alternative tool for 
determining the QW ground state-CM coupling energy [13]. According to our new 
results presented here, we can conclude that the resonance effect is also observed 
even if the QW feature is not seen in the spectra but in this case the top DBR 
reflectivity has to be quite low. The analysis of the following results will use the 
empirical observation of the amplitude of the ER signal, since this way is the 
simplest and has been extensively checked in several VCSELs.
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7.7 Investigating the Bandstructure of a GalnNAs VCSEL Using ER 
Measurements
In the previous section the results near the temperature of resonance between the CM 
and main exciton were analysed. In this section it is shown that the QW ground state 
actually includes three distinct excitonic features. Figure 7.7 shows representative 
ER spectra for all the range (9-325 IC) of studied temperatures.
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Figure 7.7: Representative ER spectra of the (GaIn)(NAs) VCSEL as a function of 
temperature (given by the figures on the right). The baselines of successive spectra 
are displaced vertically by 2xl0*4 units.
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By analysing the amplitude of the ER signal over the whole range of temperatures, 
an unusual observation occurs. There is also a weaker, though obvious, second 
resonance at the much lower temperature of ~50K, apparently at a lower energy than 
that of the above main excitonic transition observed at around 200K. This was 
thought to be a very surprising result at first, so the experiment was rechecked (under 
the same conditions) in the low temperature region, and similar observations 
occurred.
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T (K )
Figure 7.8: Temperature dependence of the empirical ER signal strength (see fig.
7.7) showing pronounced peaks, at -20 OK and -50K, where the CM is near to 
resonance with two possible QW transitions. The lines are guides to the eye.
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The existence of this resonance was further confirmed by performing cooling 
experiments at different cp. By changing <p the optical path through the cavity is 
changed which alters the CM energy, and thus the temperature at which the QW 
resonances occur. Figure 7.9 presents the analysis of the amplitude of the ER spectra 
for a second experiment. Here, the angle of incidence was reduced from 17.5° (figure
7.8) to 0° so the CM appears at a lower energy at all temperatures (see top plot of 
figure 7.10). As a result the CM crosses the main peak of the gain at around 220 K 
and the lower energy peak at around 70 IC .The amplitude of the ER signal increases 
(see figure 7.9) showing that the interaction between the gain and the CM indeed 
occurs at the above temperatures.
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Figure 7.9: Temperature dependence of the empirical ER signal strength showing 
pronounced peaks, at -220K and -7 0IC, where the CM is near to resonance with two 
possible QW transitions. The lines are guides to the eye.
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In order to investigate any resonances in the higher energy region above the main 
one in figures 7.8 and 7.9 it would be necessary to heat the sample to above 325 IC. 
In this way, the CM and the gain would shift to higher energies, but the shift of the 
gain would be much faster and the features corresponding to gain spectrum would 
cross the CM. However, due to a limitation of the cryostat system in reaching 
temperatures higher than 325 IC it was necessary to use an alternative way to check 
for any higher-energy resonances. The temperature was kept constant at 300 IC, and 
the incidence angle was varied between 13.5° and 50°. In this way the CM energy 
increased from 0.978eV to 1.004eV (but the QW transition energies remained 
constant). Since the CM wavelength wavelength reduces with increasing cp, in air 
(see equation 7.2):
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refractive index of the cavity region [17,18].
The behaviour of the CM energy as a function of angle is shown on the top 
plot of figure 7.10. In this way were able to investigate the interaction of the CM 
with the gain in this higher energy region, and indeed, found a third higher-energy 
resonance (bottom plot of fig. 7.10). From the angle at which the CM crosses this 
QW transition (~ 45° in this case) its energy can be determined to be 1.001 eV at 
300IC.
(7.2)
where XCM (0) is the CM wavelength at normal incidence and n the effective
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Angle of incidence(Degrees)
Figure 7.10: Angle dependence of the empirical ER signal strength showing the 
pronounced peak, at -45° where the CM is near to resonance with the higher energy 
QW transition. The lines are guides to the eye.
The existence of this higher-energy exciton feature was further confirmed by fixing 
the incidence angle at a slightly higher value of 47.5° and cooling again. By changing
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the angle of incidence the energy of the CM increases compared to that at 45° (where 
the resonance was at -300 K), so the higher energy resonance was observed at the 
lower temperature of 291 K. The main resonance of Figures 7.8 and 7.9 was also 
observed again but at the lower temperature of 70 K. Figure 7.11 summarises all 
these results. Three resonances in total were observed, with around a 40 meV 
difference between each other. The inset of figure 7.11 shows PR measurements 
performed at Marburg on GalnNAs/GaAs QWs with similar growth parameters 
(growth condition, well width, % of N and In). We will show in the next section that 
all resonances correspond to the interaction of the CM with the ground state, which 
in the case of GalnNAs can have several peaks, depending on the temperature of the 
growth (see inset of figure 7.11).
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T e m p e r a t u r e ( K )
Figure 7.11: Summary of results on the (GaIn)(NAs) VCSEL, showing strong variation of 
three ground state QW transitions (filled squares), from measurements of resonance peaks in 
the ER amplitude as a function o f either angle of incidence or temperature [figures 
7.8,7.9,7.10]. The CM energies obtained from the corresponding normalised R spectra (open 
circles) agree well with the earlier device results on the temperature dependence of the 
VCSEL lasing energy (see fig 7.12). The solid curves are a guide to the eye and, for the QW 
transitions, represent the expected Varshni-like behaviour from om* previous temperature- 
dependent studies on (GaIn)(NAs)/GaAs QWs (see chapter 4). The broken curves are 
extrapolations to higher temperatures. The inset shows 80K Marburg spectra PR spectra for a 
GalnNAs/GaAs QW with ~1% N and 30% In, and 70A well width, similar to that in the 
active region of the present VCSEL, before and after annealing at 625°C (lower and upper 
plots, respectively). The three lowest QW transition energies in the annealed PR spectrum 
(dashed lines) are represented by the open squares in the main diagram.
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7.8 P h ys ica l O rig in  o f th e  U ltra b ro a d  T e m p e ra tu re  R ange
G oing back to  the o rig in a l question o f th is  chapter, the ER  results can be used to
exp la in  the u ltra -b road  operating tem perature range o f the op tica lly -pum ped  V C S E L 
(see F igs. 7.8,7.9,7.10 and 7.11). The explana tion is  re lated to  the fa c t tha t three 
d iffe re n t features ex is t w ith in  the ground state, w ith  a ~40 m eV  d iffe rence  between 
each other, and so broaden the gain spectrum  o f the V C S E L. F rom  F ig . 7.1, the 
m in im u m  thresho ld  o p tica l pum ping pow er o f ~20m W  is  near 200K , the  same 
tem perature as the m a in  ER  resonance [F ig . 7 .8 ], in d ica tin g  tha t m in im um  thresho ld  
occurs w hen the C M  energy matches tha t o f  the gain peak, correspond ing to  the 
energy o f  the m a in  exc ito n ic  Q W  feature at the same tem perature; 0.987eV  (w h ich  
m atches c lose ly  the observed las ing  w avelength at th is  tem perature, 1.258pm . show n 
in  fig u re  7.12).
I f  th is  were the o n ly  ava ilab le  Q W  trans ition  fo r lasing, the C M  w o u ld  
ra p id ly  de-tune fro m  the ga in  spectrum  be low  and above 200 K , as the gain peak 
m oved out o f resonance w ith  the C M . H ow ever, according to ER  m easurem ents, the 
second w eaker resonance near 50 IC corresponds to  another low er-energy peak in  the 
gain curve, and should a llo w  the V C S E L  to  continue operating fa r be low  200 IC, as is  
in  fa c t observed (dow n to  30 K : see fig u re  7.1). In  a s im ila r m anner the h ighest- 
energy resonance observed in  the 300 IC angle-dependent ER , and tem perature- 
dependent ER  at 47.5° correspond to  a th ird  h igher-energy peak in  the ga in curve 
(extrapo la tions o f  the  curves in  F ig . 7.11 show  th is  should occur at -362 IC  i f  w e w ere 
able to  heat the sam ple to  th is  tem perature), and should a llo w  the V C S E L to  continue 
operating  fa r above 200K , again as observed (up to 388IC: see fig u re  7.1).
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T e m p e ra tu re  (IC )
F ig u re  7.12: C M  w avelength (open c irc les) as obtained fro m  ou r R  m easurem ents 
and las ing  ( fille d  squares) w aveleng th fro m  o p tica l pum ping experim ents at M arburg  
[1 1 ] on the G a lnN A s V C S E L  as a fu n c tio n  o f tem perature. The laser w avelength 
varies between 1250 nm  at 120 K  and 1269 nm  at 325 IC in  ve ry  good agreem ent 
w ith  the tem perature behaviour o f  the C M  (1251 nm  at 120 IC and 1268 nm  at 326 
IC). The observed tem perature dependence o f  the C M  and las ing  w aveleng th is  
dom inated b y  the tem perature-induced change o f the re fra c tive  index o f the ca v ity  
m ate ria l.
O ur theore tica l group in  Surrey, in  co llabo ra tion  w ith  the U n iv e rs ity  o f M arburg , 
have show n b y  fu rth e r experim enta tion  and theory tha t an in trin s ic  p rope rty  o f 
d ilu te -N  (G a In )(N A s) Q W s is the existence o f loca l band gaps a ris ing  from  d iffe re n t 
nearest-ne ighbour con figu ra tions o f  the N -im p u rity  on a subs titu tion a l site. W e 
in te rp re t the tr ip le  resonance stinctu re  in  our ER  as strong supporting  evidence fo r
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three o f  these d iffe re n t (G a In )(N A s)/G aA s Q W  band gaps. F urther evidence m ay be 
gleaned fro m  the inset o f  F ig . 7.11. T h is  shows M arburg  PR spectra taken at 80K  on 
a (G a In )(N A s)/G aA s Q W , s im ila r to  tha t in  the active reg ion  o f our V C S E L, befo re  
and a fte r annealing at 625°C. F or the as-grow n Q W  sam ple, three trans itions appear 
at energies be low  1.1 eV , corresponding to  the low est Q W  states. C om paring the 
results before and a fte r annealing, i t  can be seen that the low est tra n s itio n  has 
becom e w eaker, w h ile  the second and th ird  are stronger. The re d is trib u tio n  o f the 
respective density o f  states is caused b y  an annealing-induced rearrangem ent o f the 
N  atoms to  sites w ith  m ore In  neighbours as m entioned in  section 7.3. S urrey’ s 
ea rlie r theore tica l ca lcu la tions, and experim enta l PR results fro m  M arbu rg  U n ive rs ity  
at d iffe re n t annealing tem peratures, dem onstrated the existence o f  a to ta l o f  fiv e  
d iffe re n t such atom ic arrangem ents [1 2 ]. F ig . 7.13 reproduces these results. I t  depicts 
PR spectra o f fo u r pieces o f a Ga0.7In 0.3N 0.01A s0.99/G aAs Q W  as-grow n and annealed 
at 625°C, 650°C and 725°C, respective ly . The e ih h i s ignal shows a d is tin c t fin e  
structure corresponding to  the conduction  edge states o f  d iffe re n t n itrogen- 
environm ents, e.g. 4G a and 3 G a -lIn  fo r the as-grow n sample. Throughout the series 
o f  spectra in  fig u re  7.13 the energy positions o f the fiv e  bands h a rd ly  change, bu t 
w ith  increasing annealing tem perature the o sc illa to r strengths o f  the signals are 
red is tribu ted  such tha t the In -ric h  environm ents becom e m ore dom inant as w e show 
in  section 7.3. T h is  re d is trib u tio n  is  also re flected  in  the lin e  shape o f  the e2hh2 s ignal 
w h ich  consists o f overlapp ing  con tribu tions o f  the fiv e  environm ents. H ow ever, 
these are smeared ou t so tha t in d iv id u a l signals can no longer be d istingu ished. The 
existence o f  fiv e  d iscrete band gaps corresponding to the fiv e  ligand  fie ld s  are 
reso lvab le  fro m  th is  set o f  M arburg  data [1 2 ].
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F ig u re  7 .13: PR spectra at 80K : Gao.7Ino.3No.01Aso.99/G aAs Q W  as grow n and 
annealed at 625, 650, 750°C  ( reproduced b y  perm ission re f [1 2 ]). The PR spectra as 
g row n and annealed at 625° are also shown as an inset in  fig u re  7.11.
The resu lting  d iscrete set o f  fiv e  Q W  band gaps can d iffe r in  energy b y  m ore than 
lOOmeV in  (G a In )(N A s) structures w ith  the same com position  o f In  and N . N ote  tha t 
the Q W s w ith in  the active  reg ion  o f our V C S E L are also e ffe c tiv e ly  annealed 
because the g row th  tem perature was increased to ~625°C  w hen the B ragg stacks 
w ere grow n. Thus, in  ou r V C S E L, the three ER resonances observed correspond to  
the three low est trans itions w ith  s im ila r o sc illa to r strength in  the inset o f  F ig . 7.11 
(annealed at 625°C ). S ince the o sc illa to r strength fo r the second tra n s itio n  is  the 
strongest a fte r annealing, th is  is  the m a in  exciton  o f  the ga in  and is  responsib le fo r 
the m a in  ER  resonance in  F igs. 7.8 and 7.9. N ote  also fro m  F ig . 7.11 (inse t and open 
squares) tha t energies o f  the three low est-energy M arburg  PR features a fte r 625°C 
annealing agree reasonably w e ll w ith  the tem perature behaviour o f  the ER
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resonances in  the V C S E L, In  the fo llo w in g  paragraph w e described the ana ly tica l 
tig h t-b in d in g  super-ce ll ca lcu la tions [1 2 ] (fro m  the theore tica l group in  Surrey) 
perform ed b y  constra in ing  the centra l group V  (A s) site to  have a g iven  num ber m 
(=0 to  4) o f  In-nearest neighbors. In-atom s w ere placed at random  on the rem a in ing  
sites to  g ive  the desired o ve ra ll y.
The H am ilto n ia n  was w ritte n  as H\=Hq+AH, where Hq is  the H am ilton ian  fo r 
(G a ,In )A s and AH  the change due to  N -inco rpo ra tion .
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F ig u re  7 .14: Supercell ca lcu la tion  results o f the conduction  band structure  o f 
G a i-vI% N xA s i.x fo r various N -environm ents (reproduced fro m  reference [1 2 ] a fte r 
perm ission). In  the fig u re  En is  the N -le ve l, Ec the conduction band edge fo r G a lnA s 
and E. the conduction  band edge fo r G alnN A s (d iffe re n t a tom ic con figu ra tions 
betw een N  and its  closest neighbors g ive  d iffe re n t values fo r En and Ec).
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Ho and H\ w ere ca lcu la ted fo r pairs o f  supercells defined b y  p lac ing  A s and N , 
respective ly, onto the centra l group V  site. C a lcu la ting  separately the w avefunctions 
\jtco and v|/ci fo r Ho and Hi, one can derive  a n itrogen resonant le ve l w ave function  
\j//yoc(\]/ci< \]/c0|\j/ci> \]/co). T h is  a llow s one to  re la te the supercell ca lcu la tions to  the 
s im ple  leve l-repu ls ion  m odel [1 9 ] b y  Vnc=<^n\H\ |t|/co> , Eif=<\\fN\Hi\\\fR> and 
^c = < v|/co|/Ti|v|/co > . F ig . 7.14 shows results o f 216-atom  superce ll ca lcu la tions 
(corresponding to  N ~ l% ). The derived m a trix  elem ent Vnc lin k in g  the N  resonant 
state and the conduction  band edge varies between about 2 .00eV -xI/2 fo r N  hav ing  
4G a neighbors to  about 1.35eV-x1/2 fo r N  having 4 In  neighbors, i.e . the strength o f 
d ie  pe rtu rba tion  o f the crysta l decreases w ith  increasing num ber o f  In  neighbors. The 
fiv e  d iffe re n t values fo r V nc depend on the d iffe re n t con figu ra tions o f the N  im p u rity  
are also re flected  in  the derived  conduction band edge energies o f  G a lnN A s (EJ. 
F ive  d iffe re n t band gaps can occur fo r th is  a llo y . For each In  % at N = l% , the E. 
values fo r the fiv e  con figu ra tions are even ly spread over an energy range o f  about 
80m eV  be low  the corresponding unperturbed Ec o f (G a,In )A s, w ith  tha t fo r the 4 Ga 
con fig u ra tio n  be ing  low est in  energy. The in fluence  o f  the d iffe re n t N -envirom nents 
on the valence band edge is  sm all in  com parison to  tha t on the conduction  band edge. 
The m agnitude o f the s p littin g  £ .(4G a)-£_(4 In ) increases s tro n g ly  w ith  % o f N  fo r 
any content o f In  in  F ig . 7.14.
B y  using th is  ca lcu la tion  from  the theore tica l group in  S urrey one can easily  
id e n tify  these three PR trans itions in  the inset o f fig u re  7.11 as be ing  due to  d iffe re n t 
band gaps (rang ing  over ~80m eV  here) caused b y  the N  having  nearest neighbours o f 
e ither: fo u r Ga (low est energy feature in  inse t); three Ga and one In  (m a in  feature); 
o r tw o  Ga and tw o  In  (h ighe r energy feature).
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7.9 C onclus ions and  S um m ary
T h is  chapter shows how  ER  m easurem ents can be used to  investiga te  the 
bandstructure o f  VC S E Ls. A n  im portan t in trin s ic  p rope rty  o f the (G a In )(N A s) 
quaternary a llo y  is  described w h ich  provides supporting evidence fo r the o rig in  o f 
the u ltra -b road  operating tem perature range o f the V C S E L. I t  was shown in  chapter 4 
tha t fro m  the tem perature-dependent PR studies o f (G a In )(N A s)/G aA s Q W s w ith  
30%  In  and < 2.5%  N , adding N  no t o n ly  s lig h tly  reduces the to ta l va ria tio n  o f  the 
e ffe c tive  band gap betw een 10K  and 300K  (fro m  ~87m eV fo r 0%  N , to  ~76m eV  fo r 
2.5%  N ) b u t also increases the inhom ogeneous broadening o f  the Q W  transitions. 
H ow ever, w h ile  these effects can w iden  the range o f operating-tem peratures o f the 
V C S E L, they are o n ly  m in o r and the predom inant cause is  the broadening o f the gain 
as a fu n c tio n  o f  tem perature due to  the existence o f d iffe re n t band gaps a ris ing  from  
a lte rna tive  stable la ttic e  N -s ites in  the d ilu te -N  a llo y . In  conclusion , we have 
id e n tifie d  the physica l exp lana tion  o f the u ltra -b road tem perature operation range 
w h ich  is  im po rtan t fo r V C S E L  app lica tions in  the cruc ia l te lecom m unica tion 
w avelength range. T h is  study suggests tha t these in trin s ic  properties o f  d ilu te -N  
(G a In )(N A s) m ate ria l can be used in  nove l ways fo r design ing and m o d e llin g  lasers 
and thus im p ro v in g  th e ir properties. A nnea ling  tem perature can be used to  m oderate 
the ga in  in  th is  nove l m a te ria l accord ing to  the requirem ents o f  the device. H ow ever 
the existence o f  d iffe re n t band gaps w o u ld  be expected also to  increase the thresho ld  
current.
I t  is  also shown tha t post-g row th  characterisation using  ITO -based ER  
measurements w h ich  do no t requ ire  fu rth e r processing in  term s o f  coa ting  o r contacts
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on to the sam ple, can be used in  a s im ila r w ay to  PR in  order to  estim ate the Q W  
e xc ito n ic  tra n s itio n  energies w hen they are coupled w ith  the V C S E L  C M . ER 
measurem ents do no t requ ire  a laser in  order to  penetrate the active  reg ion  o f  the 
V C S E L, and do so no t su ffe r from  P L  background, w h ich  can som etim es d is to rt (by  
adding a large background s igna l) the PR spectra, especia lly at lo w  tem peratures. 
H ow ever, the disadvantage o f ER  measurements com pared w ith  PR is  tha t they 
u su a lly  requ ire  c leaving  the sam ple, in  contrast w ith  PR w h ich  can be perform ed on a 
fu ll w afer.
The accuracy o f  bo th  m ethods used (phase and am plitude  o f  the ER spectra) 
to  id e n tify  the coup ling  betw een the ga in  and the C M  provides a co n firm a tio n  o f  a ll 
o f  our previous results in  V C S E Ls. T h is  extends the p o te n tia litie s  o f e le c tric  fie ld  
m odu la tion  spectroscopy as a post-g row th  process to o l fo r co n tro llin g  the F abry- 
Perot C M  and QW s in  V C S E L structures.
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C h a p te r  8
Thesis Sum m ary and Future W ork
T h is  thesis has shown how  m odu la tion  spectroscopy, in  pa rticu la r in  the contactless 
versions o f  photoreflectance (PR) and electroreflectance (E R ), can be used as a 
p o w e rfu l research to o l fo r in vestiga tin g  a w ide  range o f sem iconductor systems, as 
w e ll as a non-destructive  assessment technique w ith in  a p roduction  envirom nent. In  
th is  w o rk , PR  and non-destructive  ER  were used, along w ith  a num ber o f add itiona l 
o ther techniques, to investiga te  the e ffect o f N  on the bandstracture o f  G alnN A s/G aA s 
M Q W s and G a lnN A s/G aA s/A lA s ve rtica l-ca v ity  surface-em itting  lasers (V C S E Ls). 
Furtherm ore, they w ere used to  characterise the g row th  o f V C S E L w afers and also to  
g ive  im po rtan t in fo rm a tio n  about the re la tive  m ovem ents between the gain and the 
ca v ity  m ode as a fu n c tio n  o f  tem perature in  th is  new structure. In  order to  investigate  
some o f  these aspects, measurements us a fu n c tio n  o f pressure and tem perature were 
ve ry  im portan t. The add ition a l techniques used included electrolum inescence (E L ), 
photolum inescence (P L ) and re flectance (R ). The m odulated reflectance results fo r the 
G a lnN A s V C S E L w ere also com bined w ith  op tica l pum ping experim ents (done at the 
P h illip s  U n ive rs ity  o f M arburg). The fo llo w in g  paragraphs g ive  a rev iew  o f the thesis.
W e began in  chapter 1 w ith  a synopsis o f  the research w o rk  done as a part o f 
the PhD degree. In  chapter 2 w e considered the evo lu tion  o f  sem iconductor lasers 
fro m  the ve ry  firs t hom o junction  sem iconductor laser, and review ed the developm ents
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th rough the band structure engineering to  the present day where substitu tion  o f the 
group V  elem ent in  group II I-V  com pounds w ith  sm all am ounts o f n itrogen  can be 
used to  o ffe r a new  w ay o f band-structure engineering. W e then w ent on to  consider 
the im provem ents on the laser perform ance by co n tro llin g  the photon m odes w ith in  
m icrocav ities . The discussion was based on the V C S E L w h ich  was one o f  the m a jo r 
sem iconductor systems studied in  th is  thesis. The fin a l part o f chapter 2 described the 
m a in  experim enta l technique o f m odu la tion  spectroscopy used in  the thesis. T h is part 
inc luded  the theory behind the technique, expla ined w hy it  is  superior fo r 
m easurem ents o f  quantum  sem iconductor systems and V C S E Ls and also discussed 
the lineshape functions usua lly  applied in  order to f i t  the experim enta l data.
C hapter 3 review ed the experim enta l arrangements fo r a ll the experim enta l 
techniques used. W e also discussed the usefulness o f pe rfo rm ing  h igh  pressure and 
lo w  tem perature measurements on our samples and how  the experim enta l set-up had 
to  be m o d ifie d  in  order to  pe rfo rm  these measurements. In  the rem ainder o f  the thesis, 
w e presented the results o f our m easurem ents, as we now  sum m arise.
In  chapter 2 w e also presented some experim enta l resu lts from  PR 
m easurem ents on a G alnN A s/G aA s s ing le -Q W  edge-em itting laser structure. B y 
fitt in g  the experim enta l results w ith  the appropriate m odel w e were able to  estim ate 
the energies o f the m ain  Q W  trans itions seen in  the PR spectra (see fig u re  2.12). B y  
com paring the results w ith  theore tica l ca lcu la tions the assignm ents o f  the transitions 
w ere made. The fo u r osc illa to rs  used du ring  the fittin g  procedure w ere assigned from  
the theore tica l m odel as the e ih h i, e jlh i, e ih lfy and e2hh2 Q W  transitions. T h is  was an 
ite ra tive  procedure between experim enta l fittin g  analysis and theory, and was found 
ve ry use fu l fo r read justing  some o f the variab le  param eters in  the theore tica l 
ca lcu la tion . The results from  th is  analysis w ere subsequently used by  the theore tica l
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group at Surrey to  accurately calculate the gain. F in a lly  the calcu la ted gain was 
com pared w ith  experim enta l w o rk  on device re levan t measurements [ 1,2].
In  chapter 4 w e used photoreflectance measurements in  order to  investigate  the 
bandstructure o f  a nove l m ate ria l su itable fo r laser app lica tions in  the 
te lecom m unica tion  range. A fte r a b r ie f in tro d u c tio n  to  G alnN A s and some o f the 
previous w o rk  considering b u lk  G alnN A s epilayers, results on a series o f 
G a lnN A s/G aA s device re levan t M Q W s w ere presented fo r the firs t tim e . F rom  our 
room  tem perature am bient pressure PR spectra as a fu n c tio n  o f  N  content, a strong red 
s h ift o f the e ffec tive  band gap was c lea rly  observed as the N  concentra tion  was 
increased. Some problem s in  the g row th  q u a lity  o f the samples w ere ind ica ted  by  the 
a d d itio n  o f increased am ounts o f  N  [3 ]. Furtherm ore, in  order to  probe the e ffe c t o f 
coup ling  between extended band states and loca lised  N-states in  th is  new  m ateria l, 
h ig h  pressure and lo w  tem perature PR measurements were also perform ed. A  deta iled 
analysis as a fu n c tio n  o f  pressure and tem perature fo r several intersubband transitions 
w ith in  the samples was g iven. The pressure and tem perature dependence fo r the 
intersubband trans itions w ith in  the QW s is reduced by add ition  o f  N  [4 ]. O ur PR 
resu lts w ere in  good agreem ent w ith  theore tica l ca lcu la tions perform ed b y  using a 10- 
band k.p  H am ilton ian  w h ich  was recen tly  developed by our theore tica l group. The 
assignm ents o f the transitions w ith in  the Q W s fo r these samples fo llo w e d  b y  m atch ing 
ou r experim enta l PR results, over the fu ll range o f tem peratures and pressures, w ith  
the theore tica l m odel [4 ]. Furtherm ore, a deta iled e lectron ic structure fo r the 
G a lnN A s/G aA s M Q W  samples was presented by  using the pressure m easurements 
and k .p  studies. The e ffe c t o f N  on the ground -s ta te  e lectron e ffe c tive  and 
conduction  band o ff-se t was used to  estim ate the in te rac tion  o f  N -states and 
conduction  band states. The e ffec t o f N  on the e lectron ic structure o f G alnN A s/G aA s
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M Q W s is  clear as pressure is increase since the N -le ve l and conduction-band edge 
became closer and the in te rac tion  betw een them  increases. A s a resu lt the ground state 
e lectron e ffe c tive  mass and the conduction  band o ff-se t also increase [3 ]. These 
results can be used fo r im portan t p red ictions o f the device perform ance o f G alnN A s 
Q W  lasers. For exam ple, a deeper conduction band o ff-se t can he lp  reduce the leakage 
o f  electrons, so lasers w ith  be tte r tem perature perform ance can be developed w ith  th is  
new  m ateria l.
In  chapter 5, w e studied the resonance between the cav ity  m ode and the Q W  
excitons in  a representative InG aA s/G aA s/A lA s/A lG aA s as-grow n V C S E L structure, 
using  PR spectroscopy. B y  p rob ing  d iffe re n t w afe r regions, and using  the fact tha t the 
PR signa l is  s trong ly  enhanced w hen the cav ity  m ode and Q W  trans itions overlap 
com pared w ith  the s itua tions w here the tw o features are no t in  resonance, w e were 
able to  detect bo th  ground-state and a ll o f the h igher-o rder transitions w ith in  the Q W . 
N o te  tha t there is  no t any other non-destructive  m ethod ava ilab le  to  p rov ide  th is  
in fo rm a tio n  fo r V C S E L structures. B y  com paring the positions o f measured tra n s itio n  
energies w ith  those p red icted theo re tica lly , im portan t in fo rm a tio n  about the active 
reg ion  o f the V C S E L such as w e ll w id th , com position , stra in  and hand o ffse t was 
obtained [5 ]. A lth o u g h  the n o n -u n ifo rm ity  o f  the present sam ple was ve ry  use fu l fo r 
ou r research w o rk  here, id e a lly  m ore u n ifo rm  w afers are desired in  in d u s try  fo r device 
p roduction . T h is  means tha t va ry ing  the p o s itio n  on the w afer cou ld  no t y ie ld  the PR 
resonance effect. H ow ever, w e showed in  th is  thesis tha t there are several other 
m ethods ava ilab le  fo r changing the re la tive  energy positions o f  the ca v ity  m ode and 
the Q W  transitions. F o r exam ple, w e showed in  chapter 6 how  th is  can be done by 
va ry in g  the tem perature. M ore  use fu l fo r in d u s tria l applications, how ever, is  the 
technique used in  Chapter 7. W e showed there how  the cav ity  m ode w avelength can
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be va ried  by s ig n ifica n t am ounts under am bient cond itions by changing the angle o f 
incidence o f the probe beam . The to ta l w avelength va ria tion  achievable w ith  th is  
technique depends on the c a v ity ’ s re fra c tive  index and e ffec tive  th ickness, b u t is  
ty p ic a lly  between ~20 and 50 m n. Thus, p rovided  that the w avelength o f the Q W  
tra n s itio n  is  near and be low  tha t o f  the ca v ity  m ode, as is  no rm a lly  requ ired (V C S E Ls 
are designed such as the Q W  is  ~5 m n be low  the cav ity  m ode in  order to  account fo r 
the therm al effects o f  the w o rk in g  device), angle dependent m easurements can p rov ide  
enough w avelength tun ing  o f  the cav ity  m ode to y ie ld  the PR resonance w hen it  
crosses the Q W , even in  u n ifo rm  w afers. T h is  a llow s one to  determ ine the Q W  
em ission energy and to  w hat extent i t  is  in  resonance w ith  the cav ity  m ode at norm al 
incidence.
Tem perature-dependent m easurements reveal how  the ga in  and loss 
m echanism s in  sem iconductor lasers are determ ined in  large part b y  the band structure 
o f  the laser active reg ion  and the surrounding m ateria l layers. Furtherm ore, fo r 
V C S E L  structures the e ffec t o f  ga in /cav ity  a lignm ent can s trong ly in fluence  the 
thresho ld  current, so tem perature dependent measurements can be v e iy  use fu l fo r 
s tudying  th is  e ffect. H ow ever, device re levant measurements can ob ta in  o n ly  
in fo rm a tio n  on the las ing  em ission as a fu n c tio n  o f  tem perature; the em ission output 
in  the case o f V C S E Ls is  determ ined fro m  the cav ity  m ode, there is  no t any 
in fo rm a tio n  about the ga in  fro m  device re levant measurements. W e showed in  chapter 
6 how  tem perature dependent PR, and the lineshape m odel already developed at 
Surrey (bu t s im p lifie d  and extended as a part o f th is  thesis) can be used to  obta in  a fu ll 
p ic tu re  o f  the re la tive  m ovem ents betw een the gain and the cav ity  m ode over the fu ll 
range o f  tem perature [6], T h is  k in d  o f  in fo rm a tio n  can be used, together w ith  device
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m easurem ents, in  order to  accurately id e n tify  the e ffect o f ga in -cav ity  a lignm ent on 
the thresho ld  current.
F in a lly  in  chapter 7 w e com bined our V C S E L and G a lnN A s w o rk  by 
investiga tin g  a G a lnN A s/G aA s/A lA s V C S E L structure. B y  pe rfo rm ing  tem perature 
and angle dependent non-destructive  ER  and com paring the results w ith  separate 
o p tica l pum ping experim ents perform ed on the same piece o f w afer, w e w ere able to  
co n firm  the physica l exp lana tion fo r the w ide  range o f  operating tem perature observed 
fo r th is  new  type o f V C S E L. B y  com paring lasing  properties and bandstructure we 
argued tha t G alnN A s V C S E Ls have a v e iy  broad gain as a resu lt o f  an in trin s ic  
p roperty; the existence o f lo ca l band gaps a ris ing  from  d iffe re n t nearest-neighbour 
con figu ra tions o f the N -im p u rity  ( in  the d ilu te  regim e) on a subsitu tiona l site. T h is 
chapter proved the usefulness o f  pe rfo rm ing  m odu la tion  spectroscopy and device 
re levant measurem ents on the same piece o f  w afer. O ur study suggested tha t in trin s ic  
properties o f the d ilu te -N  G alnN A S  m ateria l can be used in  nove l ways fo r designing 
and m o d e llin g  lasers [7 ]. Furtherm ore w e have shown tha t non-destructive  ER  
m easurem ents can be used in  a s im ila r w ay to  PR, in  order to  estim ate the Q W  
tra n s itio n  energy w hen i t  is  coupled w ith  the cav ity  m ode. The energy o f  the m ain 
exc iton  was determ ined b y  m o n ito rin g  the am plitude and the phase o f  the PR spectra. 
The accuracy o f bo th  m ethods provided  con firm ations fo r a ll o f  our previous results in  
V C S E Ls. W e can conclude tha t PR and non-destructive ER  can determ ine the 
energies o f  both  the cav ity  m ode and Q W  transitions o f  a fu ll V C S E L  structure. 
Furtherm ore, these techniques can be used to  id e n tify  regions su itab le  fo r fa b rica tio n  
in to  devices by lo o k in g  the am plitude o f  the PR signal ( in  the case w here the 
lin e w id th s  o f  the cav ity  m ode and the Q W  exciton  are com parable) o r a lte rna tive ly  by 
m o n ito rin g  the phase o f  the PR spectra (in  the cases where these lin e w id th s  are m uch
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d iffe re n t). F o r th is  reason m odu la tion  spectroscopy can be ve ry use fu l fo r industry  to 
re jec t w afers w here good a lignm ent between the cav ity  m ode and the Q W  does no t 
occur and can thus save on the tim e  consum ing and expensive fa b rica tio n  procedures.
In  the course o f  these investiga tions, w e have obtained clearer understanding 
o f  the physics behind G a lnN A s m ate ria l and V C S E L structures. W e have also 
how ever, id e n tifie d  areas w here fu tu re  w o rk  can be applied. The InG aSbN  a llo y  
shows qu ite  rem arkable band structure properties that raise e xc itin g  p o ss ib ilitie s  fo r 
longer w avelength op toe lectron ic applications. A lthough  In N  has a m uch larger band 
gap than InS b, w hen a lo w  concentration o f N  is incorporated in to  InSb there is a v e iy  
strong red s h ift in  the o p tica l band gap [ 8]. F o r th is  reason s im ila r w o rk  to  tha t in  
chapter 4 can be applied to  InG aSbN  a lloys/Q W  structures. A lso  our observations 
about the u ltrab road  tem perature operation range o f G alnN A s V C S E Ls can be 
expanded to  a ll the V C S E Ls w h ich  use quaternary a lloys A i-yB yCi_xD x in  the active 
reg ion  w ith  D  be ing an isova len t trap (lik e  N  in  the case o f G a lnA sN ) in  the active  
reg ion  [9 ]. Furtherm ore, the app lica tion  o f m odu la tion  spectroscopy to  id e n tify  the 
coup ling  between the cav ity  m ode and Q W  transitions can be app lied  to  other 
m ic ro ca v ity  structures. R ecently PR measurements on resonant ca v ity  LE D  (R C LE D ) 
structures at Surrey showed s im ila r observations to those seen in  V C S E Ls [1 0 ]. 
H ow ever, i t  w ill be even m ore in te resting  to  investigate V C S E L structures w here 
lo w e r d im ensiona l layers (based upon quantum  w ires o r self-assem bled quantum  
dots) are used, instead o f the conventiona l Q W  layers w ith in  the active  reg ion  o f the 
V C S E L  [1 1 ].
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